Investigating the Role of Substrate Stiffness on Beta-Catenin Activation in Osteoblasts by Platt, Randall Jeffrey & Platt, Randall Jeffrey
Investigating the Role of Substrate Stiness on Beta-Catenin
Activation in Osteoblasts
Randall Jerey Platt
submitted in accordance with the requirements for the degree of
MASTERS OF PHILOSOPHY
Department of Materials
Imperial College London
August 2011
Declaration of Originality
This original work was produced by me, Randall Platt, and any contributions from others are
either explicitly stated in the text or in the Acknowledgements. The specic roles for atomic
force microscopy (AFM) work are as follows:
 Material preparation - Randall Platt and Benjamin White (Imperial College London)
 Material transport - Benjamin White
 AFM calibration and data collection - Dr. Xinyong Chen (University of Nottingham)
and Benjamin White
 Data processing and illustration - Dr. Xinyong Chen and Randall Platt
Abstract
Cells are exposed to a myriad of signals from their microenvironment and the nely tuned
processing of these cues regulates cell survival, proliferation, and dierentiation. Traditional
belief was that only soluble signaling factors governed cell behavior, but more recently, much
attention has been focused on the inuence of mechanical and topographical cues. Although
many landmark observations have been published in this regard, still little is known about the
mechanisms behind cell response to physical cues.
This work stems from the previously reported observations that beta-catenin, a key cell
signaling molecule involved in bone development, is activated by acute mechanical stress. The
main aim of this work was to investigate the role of substrate stiness on beta-catenin activation
in osteoblasts. Here, two polyacrylamide gel platforms are adapted that vary in Young's modulus
and act as adhesive substrates for cell attachment. Osteoblasts grown on these polyacrylamide
gels attach through cross-linked extracellular matrix proteins and 'sense' the underlying stiness
of the substrate and change their intracellular biochemistry accordingly. It was found in this
work that the amount of total beta-catenin increases after 24 hours in osteoblasts cultured on
tissue culture plastic and polyacrylamide gels of 40 kPa. Moreover, the number of cell-cell
contacts directly inuences the amount of total beta-catenin. It was also found that osteoblasts
grown on higher stiness substrates have more active beta-catenin and less degraded beta-
catenin compared to lower stiness substrates. The novel ndings reported here advance the
proposal that beta-catenin is a participant in mechanosensing and also provides a new platform
for investigation and further insight into a mechanism of action.
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Chapter 1
Introduction
1.1 Introduction
Mechanotransduction, in its most general sense, is the process of converting a mechanical
stimulus into a biochemical signal. All cell types are subject to mechanical inuences, but
how they respond often diers. It is benecial to view mechanotransduction as a duel process
involving `outside-in' and `inside-out' sensing. Outside-in sensing involves a cellular response
to applied forces, such as shear, extension, compression, and pressure. Inside-out sensing is an
active process in which internal cellular forces are generated in response to mechanical cues.
For example, traction forces generated by cells are thought to be used as a metric to measure
substrate stiness, topography, and ligand density. In this section the eld of mechanobiology
will be introduced and the concept of mechanosensing in the context of normal physiology and
disease will be explored.
1.1.1 Scope of Thesis
The scope of this thesis stems from the previously reported observations that beta-catenin, a key
cell signaling molecule involved in bone development, is activated by acute mechanical stress.
The main aim of this work was to investigate the role of substrate stiness on beta-catenin
activation in osteoblasts. The project involved the synthesis, characterization, optimization,
and implementation of two polyacrylamide hydrogel platforms, one of which was widely used
and the other was newly developed. The new platform was created in order to overcome
experimental limitations involving scalability of biochemical assays. Characterization and
optimization include the measurement of Young's modulus (elasticity of the substrate), degree
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and homogeneity of extracellular matrix protein coating, and processing techniques. Using
the two platforms, the eect of a change in substrate stiness on beta-catenin activation was
explored using both microscopy and biochemical techniques. It was found that beta-catenin
activation is increased in osteoblasts grown on high (40 kPa) compared to low (3 kPa)
stiness substrates. Moreover, an increase in beta-catenin marked for degradation in the
proteasome was found on low stiness substrates. Preliminary investigation into the underlying
mechanism of action was also approached. The novel nding reported here is the basis of a
project currently developing to include a dierent platform and a more detailed investigation
of the mechanism of action behind beta-catenin activation by mechanical stimulation.
1.2 Cells Sense and Respond to Their Microenvironment
1.2.1 Introduction
Cells are exposed to a myriad of signals from their microenvironment and the nely tuned
processing of these cues regulates cell survival, proliferation, and dierentiation. Traditional
belief was that only soluble signaling factors governed cell behavior, but more recently, much
attention has been focused on the inuence of mechanical and topographical cues, such as
rigidity (Discher et al., 2005; Mammoto et al., 2009), shape (Chen et al., 1997; Thomas et al.,
2002), and topography (Curtis and Wilkinson, 1997). Although many landmark observations
have been published in this regard, still little is known about the mechanisms behind cell
response to physical cues.
Adhesion-mediated non-chemical signaling can direct cellular processes through diverse
mechanisms, such as, signal transduction through membrane proteins, protein localization,
cryptic binding site exposure, and gene and protein expression. Some mechanical forces
directly inuence specic compartments within the cell while others may be converted into
signaling events at the plasma membrane. Current evidence suggest an interplay between
indirect coupling of the extracellular matrix with the nucleus causing enhanced gene expression
and also direct cell signaling events surrounding the plasma membrane and cell contractility
(Wang and Thampatty, 2006). Whether there is a common sensing mechanism or several
mechanisms working in concert is under exploration. In two studies it seems that the latter is
the case; applied mechanical forces are able to impact cell behavior directly through intracellular
signaling and indirectly through changes in gene expression (Bershadsky et al., 2003; Wang and
Thampatty, 2006). Interestingly, mechanical and topographical cues are able to induce similar
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responses. Fibroblasts cultured on soft substrates undergo apoptosis while those grown on hard
substrates show heightened growth (Wang et al., 2000). Adherent cells actively grow when
allowed to spread, but undergo apoptosis when inhibited from spreading (Chen et al., 1997).
Osteogenic lineage specication is favored within a range of spreading areas (Carvalho et al.,
1998; Thomas et al., 2002), while cells allowed to fully spread fail to dierentiate down the
adipogenic lineage (Spiegelman and Ginty, 1983). Similarly, mesenchymal stem cell (MSC) fate
can be directed by shape constraints alone (McBeath et al., 2004).
Adhesion mediated signals also control cellular migration and cytoskeletal arrangement. Most
cells align themselves and their actin cytoskeleton along grooves, a phenomenon called contact
guidance (Curtis and Wilkinson, 1997). Cell orientation is also subject to chemical and
mechanical gradients. Fibroblasts cultured on substrates of gradient stiness migrate towards
stier regions, a phenomenon called durotaxis (Lo et al., 2000).
Similar cellular behaviors resulting from dierent types of cues lends support to the hypothesis
that there is a unifying mechanosensing theme contributed to by both extracellular matrix
(ECM)-cytoskeletal coupling and mechanical cue induced cell signaling. The literature strongly
supports both of these claims but the mechanisms as we understand them are incomplete. In the
following sections I will introduce the mechanisms for mechanosensing, their impact in disease
treatment, and also the possibility for a universal mechanism.
1.2.2 Mechanisms for Sensing Mechanical Cues
Upon applied mechanical force, stretch-activated ion channels found in cell membranes allow
calcium ion ux. Although this type of signal transduction is important, it does little to
explain the mechanosensing mechanisms responsible for the sensing of cues such as rigidity and
topography. Recent investigations are focusing on sites of cell-matrix and cell-cell adhesion,
sites that link the cells internal framework to the microenvironment. One leading hypothesis
suggests that cell-matrix adhesions, mediated through integrin receptors, mainly focused at
focal adhesion sites, are the cornerstone of cellular mechanosensing by directly coupling the
extracellular matrix, gene expression, and other important enzymes (Wang et al., 2009).
Integrin receptors are the primary membrane protein which enable cell-matrix adhesion, and
are thus, the rst opportunity for a cell to interact with the insoluble environment. The
functional integrin receptor is a heterodimer consisting of one alpha and one beta subunit.
These isoforms dier in their specicity and anity for dierent ECM proteins. In non-adherent
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cells, integrin receptors are in a closed, inactive form and upon introduction to an appropriate
cue, are open and adhere to a recognized binding sequence. Integrins bind to the ECM through
short amino acid sequences, such as the RGD sequence motif (found in bronectin, laminin,
and vitronectin), or the DGEA and GFOGER motifs found in collagen. In the intracellular
domain, integrins attach to the cytoskeleton through adapter proteins such as talin, alpha-
actinin, lamin, and vinculin. Various other signaling proteins, such as focal adhesion kinase
(FAK) and Src, associate with the ECM-integrin-adaptor-cytoskeleton complex which forms the
basis of a focal adhesion.
Focal adhesions are large macromolecular assemblies and a likely focus for investigation
because they physically link the cytoskeleton to the ECM while acting as a biochemical signaling
hub near regions of integrin binding and clustering (Chen et al., 2003). Focal adhesions are
constitutively created and destroyed as cells move and grow. During this process continual
protein association, dissociation, and signaling occurs. Hundreds of proteins are thought to be
present in focal adhesions and the individual roles of each are far from understood.
Focal adhesions are regulated by the small GTPase Rho. Rho belongs to a subfamily of the
Ras superfamily and provides a common link between many cell behavior changes in response
to mechanical forces. Cell shape-dependent control of cell cycle is mediated by force induced
changes in Rho activity (Mammoto et al., 2004, Welsh et al., 2001). Rho is also connected
to mechanisms involving cell shape inuenced contractility (Tan et al., 2003) and cell lineage
switching (McBeath et al., 2004, Sordella et al., 2003). Rho activity is suppressed by FAK which
promotes focal adhesion turnover. FAK is activated and localized to focal adhesions upon cell
adhesion. This was conrmed in FAK-/- cells which showed increased focal adhesion number
and decreased cell migration (Ren et al., 2000).
Rho activity is also controlled through integrin-mediated changes in cytoskeletal organization
during cell spreading. Filamin mediates this process by cleaving the cytoskeletal-associated
protease, calpain, to allow p190RhoGAP accumulation in lipid rafts. Interestingly, Rho activity
is suppressed by the accumulation of p190RhoGAP in lipid rafts (Mammoto et al., 2007).
Therefore, the upstream eectors of Rho are likely to be mediated by deformations in the plasma
membrane at lipid rafts. How this pathway integrates with FAK, Src, and ingetrin-mediated
signaling is not well understood and is actively under investigation.
Further evidence of plasma membrane deformation-mediated mechanotransduction has
been found in the context of caveolae; cave-like membranes rich in caveolin scaolding
proteins. Caveolin-1 (Cav1) interacts with various signaling molecules which eectively
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compartmentalizes them inside the caveolae and hinders them from carrying out their signaling
function. In response to mechanical stress it has been suggested that caveolae disassemble
resulting in the release of signaling molecules and downstream gene transcription. In a recent
report by Goetz et al., the elongation, migration, and invasion of broblasts in 3D culture was
force-dependent through a Cav1-mediated process (Figure 1.1). Cav1 regulates Rho activity
through changes in p190RhoGAP localization and phosphorylation (Goetz et al., 2011). Their
ndings suggest that Cav1 mediated mechanosensing is critical for normal tissue homoeostasis
and architecture and for tumor invasion and metastasis.
Figure 1.1: Caveolin-1 (Cav1) dependent 3D microenvironment stimulates in vitro tumor cell
migration and invasion. Parental breast cancer cells (ATCC-231) were labeled with calcein and
mixed 1:1 with Cav1 wild-type (Cav1WT) and Cav1 knockout (Cav1KO) mouse embryonic
broblasts (MEFs). The mixtures were seeded in serum-free collagen I gels and after 6 days,
gels were xed, labeled with uorescently conjugated phalloidin, and imaged. Cells were stained
for actin (red) which allowed distinction of MEFs (red only) and ATCC-231s (green). Scale bars
equal 200 m. This gure was reproduced from Goetz et al., 2011.
Another possible contributor to mechanotransduction is the generic consequence of protein
deformation. In response to mechanical force, certain proteins undergo conformational changes
that expose binding sites for protein activity or inhibition. A binding site for tenascin on
bronectin is hidden in solution but exposed when in an extended conformation (Ingham et al.,
2004). Another family of proteins which may respond in this way is vinculin. Vinculin links
integrins with the cytoskeleton and upon sucient mechanical cues exposes cryptic binding
sites for regulation in downstream signaling (Johnson and Craig, 1995). Similarly, p130Cas
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responds to stretching by enhancing its own phosphorylation by the Src kinase, which activates
downstream signaling and many small GTPases (Sawada et al., 2006).
It is desirable to think that there is one mechanosensing mechanism that is responsible for
sensing diverse adhesion mediated signals. Evidence that supports this comes from the fact
that similar cell behaviors are observed with varying stimulus, such as substrate elasticity, cell
shape, and size. The common link between mechanical cue sensing is intracellular deformation
as determined by the counter forces experienced by cells. These forces could be the same in
response to substrate elasticity, cell shape, and size. In fact, a similar mechanism may be
utilized by the cell to sense its own shape, spreading, and migration, where cells respond to
counter forces brought on by the external environment. The complexity of mechanosensing is
surely coupled with feedback loops mediated by signaling proteins discussed above and others
that remain undiscovered. How the fragmentary information and mechanistic understandings
interconnect is rigorously being pursued.
1.2.3 Relevance for the Treatment of Disease
Cell behavior in response to physical cues is critical for normal physiology and, in the case
of aberrant signaling, the development of disease. A number of developmental stages require
specic mechanical cues for normal embryogenesis. Inappropriate mechanical cues such as
increases in tissue stiness, have been implicated in the development and progression of cancer.
The importance of the cell microenvironment is apparent and a mechanistic understanding is
crucial for the development of therapeutic interventions. Whether developing an articial bone
implant, or tissue engineered scaold, the less obvious cellular response to the microenvironment
must be taken into consideration.
1.2.4 Summary
The environments in which cells grows are enormously important for dictating behavior. The
current understanding of these processes is only fragmentary and developing a mechanistic
understanding of how cells are able to transduce environmental cues is vitally important
for understanding many important events, such as embryogenesis, dierentiation, tumor
progression, and others. Much of the work that has been done has been assisted by, and
limited by, the materials available. Precisely engineering cell environments will help elucidate
the underlying mechanisms of mechanotransduction.
19
1.3 Material Systems to Probe Mechanosensing Mechanisms
1.3.1 Introduction
The ability of cells to transduce mechanical and chemical stimuli into intracellular signals is
of critical importance for development and normal physiology. Mechanotransduction is crucial
for regulating cellular function, tissue maintenance and repair, apoptosis, dierentiation, and
many other processes (Darling and Athanasiou, 2003; Orr et al., 2006; Sawakami et al., 2006).
Coupling mechanotransduction with chemical signals results in a sophisticated and diverse array
of inputs which lead to cell, tissue, and organismal complexity.
Accurately recapitulating physiological environments where cells reside is crucial in
understanding the impact of environment on cell behavior and also the underlying mechanisms.
Many systems have been developed to probe the eects of microevnvironment on cellular
processes but each one has its own set of benets and drawbacks. As the eld of mechanobiology
has been increasing rapidly so have the complexity of materials. These new materials enable
intricate control on the micro and nanoscale of stiness and spatial arrangements. Although
the sophistication of materials is increasing, the use of several platforms remains necessary to
account for system limitations. This section will introduce biomaterials used for investigating
mechanotransduction and specically focus on glass and TCP, Hydrogels in 2D and 3D systems,
and polydimethylsiloxane (PDMS).
1.3.2 Glass and TCP Substrates
Traditional cell culture substrates such as glass and TCP are useful because the materials are
widely available, easy to use, and are the standard comparison across disciplines. Glass and
TCP are at and transparent, and thus, easy to use with optical and mechanical microscopy
techniques. Furthermore, force application techniques such as uid shear stress, magnetic
twisting cytometry, optical tweezers, and magnetic beads are easily coupled (Merkel et al.,
1999; Wang and Ingber, 1995).
Glass and TCP are too hydrophobic for cells to form focal adhesion complexes. Therefore,
the use of protein rich media has been used for anchoring points which allow focal adhesion
formation. The use of non-specic protein adsorption to surfaces is widely used in order to
create specic cell attachment sites. Common proteins are collagen, laminin, bronectin, and
the milieu of proteins found in fetal bovine serum. Additionally, surface treatments can be made
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that enable cell adhesion or specic coupling of adhesion proteins. Gas plasma treatment reduces
substrate hydrophobicity and enables cell attachment (Makamba et al., 2003). Chemical silane
cross-linkers can be used to specically conjugation protein motifs for cell attachment through
silanol bonds (Lahann et al., 2003). Alternative methods for adhesive molecule cross-linking
and substrate activation are laser vapor deposition and deep ultra violet irradiation (Makamba
et al., 2003).
Glass and TCP are the standard substrates that have been fundamental to the advancement
of our understanding of cellular biology. Despite their ease of use and ubiquitous availability,
they are limited by one profound point, biological relevance. The stiness of these substrates
compared to biological tissue is several orders of magnitude greater. Additionally, these
substrates only provide a 2D surface for cell culture which is dissimilar to the 3D native
tissue. These dierences from native tissue have been shown to inuence cellular processes.
Importantly, cells are known to modulate their internal cytoskeleton according to the
stiness and topography of their environment. Therefore, the uses of glass and TCP for
mechanotransduction studies are limited at best.
1.3.3 Hydrogels
Widely used methods to reconstruct a more physiologically relevant environment are synthetic
and natural polymeric hydrogels. Most commonly, these hydrogels are formed from cross-linking
hydrophilic polymers which results in several benecial features for cell behavior studies (Drury
and Mooney, 2003; Hennink and van Nostrum, 2002; Lee and Mooney, 2001). Hydrogels are
similar to native tissues in that they contain a large quantity of water and are similar in elastic
modulus. Additionally, hydrogels can be modied to present chemical and mechanical cues
similar to native tissues. For example, methacrylic groups can link polymers to form a hydrogel
in response to dierent external stimuli, such as ultraviolet (UV) light and electromagnetic
radiation. Hydrogel surfaces can be functionalized with covalent cross-linkers that allow specic
ECM protein covalent attachment to promote cell adhesion. Hydrogels may also be used to
encapsulate cells in a 3D network which more closely mimics native environments.
Hydrogels are commonly used to investigate the role of matrix stiness on cell behavior. What
makes hydrogels so benecial is that their elastic moduli can be tuned by varying only the
cross-linker concentration leaving other characteristics similar. Using a tunable polyacrylamide
hydrogel system, Engler et al. suggested that substrate stiness alone was able to direct the
dierentiation of MSCs down cell lineages similar to that of their parent tissue (i.e. bone,
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muscle, and brain cell times resulted from MSCs grown on high, medium, and low stiness
hydrogels, respectively) (Engler et al., 2006). Other characteristics can be used to control
substrate stiness such as polymer concentration and rigidity. A more extensive review of the
role of matrix stiness on cell behavior is covered in Section 1.4.
Two broad classes of hydrogels exist, natural and synthetic. Natural polymeric hydrogels
are widely used because they are constructed using native ECM proteins, including Matrigel,
collagen, brinogen, sodium alginate, and others. Benets include physiologically relevant
chemical environment, topographical cues, and stinesses. Drawbacks include cost and limited
chemistries for modication. Synthetic hydrogels include the use of polyacrylamide (PA),
polyethylene glycol (PEG), diacrylates and their derivatives, and others (Kandow et al., 2007).
Benets include commercial availability, cost eectiveness, and a wide range of chemistries
available. Drawbacks include cellular toxicity in monomeric forms, adhesion inertness requiring
protein modications, and non-natural chemical environment.
Synthetic, and certain natural, hydrogels are associated with native ECM proteins or short
oligopeptides to initiate cell adhesion. Controlling adhesion cues is benecial for simplifying
experimental interpretations by specifying the downstream eects of cell adhesion (e.g. the RGD
motif activates 51 integrins). It is also benecial to match ECM environment with cell type
(e.g. when using osteoblasts it is most physiologically relevant to use collagen). The majority of
investigations on the eects of substrate stiness on cell behavior have been performed in a 2D
environment, but it is also desirable to know what happens in a more physiologically relevant,
3D environment.
3D microenvironments are constructed by encapsulating cells in a hydrogel network, which are
often times made dicult by the fact that gelation conditions are deadly to cells (Zaman et al.
2006). Designing a system for cell encapsulation must consider temperature, pH, component
toxicity, and many others to create a viable environment. Despite the diculty, several unique
solutions have been achieved. A common method is to mix a pre-gel solution directly with
cells and initiate gelation. For example, low-melting agarose is boiled to initiation gelation and
when cooled to 42C cells are added and successful encapsulation is achieved. Other methods
for encapsulation depend on polymer and cross-linking initiation type.
Similar to 2D systems, in 3D systems it is also possible to observe the eect of substrate
stiness on cell behavior. For example, when prostate cancer cells are encapsulated into Matrigel
hydrogels with variable stiness, cell migration behaviors were altered. Additionally, matrix and
cell integrin receptor levels were constant in each case. Therefore, matrix stiness modulates
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cancer cell migration patterns. Remarkably, cell migration was greatest on soft substrates
(Zaman et al., 2006). In contrasts, cell migration on 2D substrates is at a maximum on sti
substrates. This result underlines the importance of 2D versus 3D architectures on cell behavior.
Despite the multitude of benets of using 3D environments, progress in this area is limited by
available techniques for quantication. Optical techniques are necessary because once cells are
encapsulated it is dicult to retrieve them without signicant changes. Therefore, biochemical
assays critical for detailed mechanistic studies are impractical in 3D environments at this point
in time. With the invention of more advance techniques there will be an increasing shift towards
3D microenvironment based cell behavior studies. At present, it remains desirable to investigate
cell behavior in both environments.
1.3.4 Polydimethylsiloxane (PDMS)
PDMS is an optically transparent, viscoelastic liquid that upon cross-linking with a curing
agent forms into a solid. PDMS is ubiquitously used by the soft-lithography industry because
it is easily processed and can be faithfully imprinted with nanoscale architectures. Microuidic
devices, Bio-MEMs, and microcontact printing are just a few examples of what can be achieved
with PDMS. The elastomeric properties of PDMS are ideal for mechanotransduction studies
because the force transferred from cell to substrate, or vice versa, are easily achieved and
visualized. Remarkably, a PDMS substrate was used for the rst investigations on forces exerted
by cells (Harris et al., 1980). The advantageous properties of PDMS have drastically expanded
the quantity and content of information we can ascertain in mechanotransduction studies.
Once PDMS is polymerized and cross-linked, the external surface is hydrophobic and therefore
does not promote cell adhesion. Plasma oxidation and silanol addition are common surface
treatments to make PDMS hydrophilic, and thus, compatible with cell studies. PDMS can be
further functionalized in order to covalently crosslink ECM proteins.
Microcontact printing of ECM proteins can also be achieved with PDMS. Generally, a silicone
master is created using traditional photolithography techniques. Masters often include wells of
dierent shapes and sizes. PDMS is poured over the master where it replicates a negative of the
master (i.e. silicone wells imprint PDMS pillars). After cleaning and surface treatments, ECM
proteins are physically adsorbed to the pillars and printed onto a surface. A variety of surfaces
can be used with microcontact printing, such as glass, PEG, and PDMS. After microcontact
printing, islands of ECM proteins are created for cell adhesion while the remaining portion
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of the surface is non-adhesive or blocked. Using this technique, a large body of literature
has emerged that is elucidating how topography and cell shape inuences cell behavior. For
example, MSCs grown on bronectin islands of small (1024 mm2) and large (10000 mm2) area
displayed a substantial dierence in lineage commitment (Figure 1.2). MSCs allowed to spread
underwent osteogenisis, while unspread cells remained round and became adipocytes (McBeath
et al., 2004).
Figure 1.2: Cell shape drives MSC commitment. Human MSCs were cultured on bronectin
islands of small (1,024 m2)and large (10,000 m2) area in either growth or mixed
osteogenic/adipogenic media. After one week, samples were stained for lipids (red) and alkaline
phosphatase (blue). Scale bars are equal to 50 m. This gure was reproduced from McBeath
et al., 2004.
Traction force microscopy is commonly performed on PDMS substrates because a material with
well-dened mechanical properties is necessary to produce reliable results. First experiments
were performed on thin silicon lms on uncured polymer resin by gently aming the surface.
With this pioneering technique Harris et al. were able to visualize silicon lm wrinkles in
response to cell generated forces (Harris et al., 1980). More recently, an array of PDMS
microposts were created and used to measure forces exerted by stationary cells. Tractions
were calculated based on the deection of the posts using Beam Theory. An additional benet
to using microposts is that substrate stiness can be altered by changing post height while
maintaining topographical cues (Tan et al., 2003).
Although PDMS has a number of benecial properties for mechanotransduction studies,
several problems exist that must be overcome. For example, long-term studies are not possible
due to surface modication failure (Engler et al., 2004). Therefore, like other substrates,
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both benets and drawbacks exist that must be taken into consideration when designing an
experiment.
1.3.5 Summary
A number of useful platforms have been developed for mechanotransduction studies. Glass
and TCP are the standards in cell studies and will continue to be so for their availability and
simplicity of use. Hydrogels are optimal for examining the eects of substrate stiness on cell
behavior in both 2D and 3D contexts. PDMS has a range of uses and is helping scientists
achieve architectural control on the nanoscale. Using these platforms a large body of scientic
evidence has accumulated to answer important questions about cell behavior in response to
mechanical and topographical cues.
The type of platform best suited for an experiment will largely depend on the questions being
asked. Each platform has its own set of advantages and disadvantages. The use of multiple
platforms to investigate the same phenomenon is ideal for dispelling any uncertainties with
experimental limitations. Although the current platforms are useful, more advanced materials
are required to understand the depth and variety of mechanotransduction mechanisms.
1.4 Substrate Elasticity Inuences Cell Behavior
1.4.1 Introduction
As has been described previously, but briey, substrate elasticity governs many important
cellular processes, most notably dierentiation, migration, proliferation, and spreading.
Epithelial cells and broblasts on ligand-coated gels of varied stiness were the rst cells reported
to sense and respond dierently to soft versus sti substrates (Pelham and Wang, 1997). The
eects of substrate elasticity are far reaching and increasing evidence is substantiating from
diverse elds in a range of cell types.
A cell in its native environment is far from isolated, but is encapsulated within the context
of a tissue and mechanically and chemically coupled to other cells and a matrix framework, or
ECM. Adherence to a substrate is necessary for the majority of cell types. The cell is thought
to exist in its environment in a state of pre-loaded tension where it can sense its surroundings
by probing it with proteins and responding to its properties by initiating intracellular signaling
pathways, a process called mechanosensing. Mechanosensing is a reciprocal process where cells
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both actively probe their environment and respond to what they sense in an "outside-in" and
"inside-out" manner. Outside-in signaling is the process of an environmental cue, such as uid
shear stress, initiating intracellular signaling (Alenghat and Ingber, 2002). Inside-out signaling
is the active process of a cell probing its environment to sense properties such as substrate
elasticity. How the cell does this so acutely is actively under investigation.
Sites of cell adhesion are not only physical linkages, but focal points for signaling molecules,
lipids, and regions for plasma membrane and cytoskeletal organization. Interestingly, the
downstream eects have been visualized at both the cell-cell and cell-matrix junction, inside
the nucleus, at the plasma membrane, and also at distal regions of the cell. Remarkably,
adhesion points have also been shown to impact entire tissues (Mammoto and Ingber, 2010).
Mechanosensing through cell-matrix and cell-cell adhesions are unique processes which rely
on their own sets of components and result in dierent downstream eects. In this section
cell-matrix and cell-cell adhesions will be discussed in the context of substrate elasticity
mechanosensing.
1.4.2 Cell-Matrix Adhesion
Most cells adhere to ECMs through the integrin receptor superfamily. There are many dierent
isoforms of integrins and each one recognizes a dierent binding sequence and also initiates
dierent downstream signaling. Through this process integrins have been shown to directly
inuence cell spread area, cytoskeletal structure, proliferation, dierentiation, and cell stiness
(Byeld et al., 2009b; Evans et al., 2009; Leipzig and Shoichet, 2009; Li et al., 2007; Solon
et al., 2007). Remarkably, these properties do not change linearly or even monotonically with
substrate stiness. Responses to substrate stiness vary widely and often saturate or have a
maximum or minimum close to that of parent tissue. For example, neonatal rat heart cells have
an optimal function on collagen-coated gels with stiness close to that of adult rat myocardium
(Bhana et al., 2010). Additionally, neonatal rat ventricular myocytes more closely mimic native
phenotypes on substrates of similar rigidity to that of native tissue (Figure 1.3) (Chopra et al.,
2011; Engler et al., 2008). Neutrophil motility also reaches a maximum on bronectin coated
gels of intermediate stiness (Stroka and Aranda-Espinoza, 2009). Other cell types have shown
highest cell motility on sti substrates when using gels of gradient stiness (Isenberg et al.,
2009; Lo et al., 2000).
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Figure 1.3: Myocyte morphology is dependent on substrate stiness and optimal F-actin
organization is visualized in cells adherent on stinesses most closely matching that of native
tissue. Neonatal ventricular rat myocytes were seeded on collagen type I (0.1 mg/ml) and
bronectin (0.05 mg/ml) coated PA gels of varying stiness and stained with F-actin (red)
and -actinin (green). Below physiological stiness, cells were rounded with poor sarcomere
organization (A and B). At physiological stiness, F-actin and -actin bers are striated and
an increased spread area and high elliptical factor are observed (C and D). Above physiological
stiness, prominent F-actin is observed but the bers are not striated (E and F). Scale bars
equal 10 m for each image. This gure was reproduced from Chopra et al., 2011.
Cell behavior changes in response to substrate elasticity vary depending on the adhesive ligand
being use. It is believed that the integrins being activated are responsible for these observations.
Fibroblasts cultured on gels coated with collagen I, collagen V, or both collagen I and V displayed
a more stiness-dependent morphology on collagen I and V coated gels compared to collagen I
alone (Jacot et al., 2008). Melanoma cells on collagen I or bronectin coated gels only changed
their own internal stiness to match their environment when attached through collagen (Byeld
et al., 2009b). The actin cross-linker lamin A mediates the cell stiening process through
integrins that bind collagen but not bronectin (Byeld et al., 2009a; Kasza et al., 2009).
Cell behavior in 2D and 3D environments in response to substrate elasticity is often similar,
such as the dierential growth of neurons and astrocytes grown in native brin gels or endothelial
cell stiening when grown in native collagen gels (Georges et al., 2006; Ju et al., 2007). In
contrast, cell response to synthetic gels can vary between 2D and 3D contexts.
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1.4.3 Cell-Cell Adhesion
Anchoring points between cells are mostly symmetrical, the cytoskeletal proteins engaged in
one cell at an adhesion point are usually consistent in the adjacent cell (i.e. adhesion proteins
of a specic subtype bind other adhesion proteins of the same, or very similar, subtype). This is
most likely due to cell-cell adhesion binding being homophilic. Interestingly, cell-cell adhesions
indirectly link the cytoskeletal laments in one cell to its neighbors which enables the cells of a
tissue to coordinate their actions.
Cell-cell adhesions are formed between cadherins or the immunoglobulin superfamily
glycoprotein neural cell adhesion molecule (N-CAM) or by heterophilic contacts between
intercellular adhesion molecule (I-CAM) and integrins such as lymphocyte-related antigen I
(LFA I) (Staunton et al., 1988). The most ubiquitous type being cadherin mediated cell
adhesion. Remarkably, cadherin expression correlates with steps in embryonic development
and also drives cell-sorting (Duguay et al., 2003; Ryan et al., 2001). Cadherins have also
been implicated in mechanosensing mechanisms, where they transmit signals from the plasma
membrane to distal sites within the cell (Wang et al., 2009). Additionally, in response to applied
forces, cadherins increase their local adhesion size (Liu et al., 2010). Compared to cell-matrix
adhesion mediated mechanosensing, not much is understood about the cell-cell counterpart.
At the neuromuscular presynaptic terminal, vesicles cluster in response to mechanical tension
within the axons. The clustering eect vanishes if the axon is removed from the cell body but is
restored upon applied mechanical tension. Evidence suggests that F-actin and other actomyosin
machinery are responsible. Mechanical force transmission through actin involves adhesion points
at cell-cell junctions; increased tension or stretch leads to conformational changes of adhesion
molecules leading to downstream signaling (Siechen et al., 2009). Sensitivity of motor neurons
has been attributed to adhesion molecules before (Chen and Grinnell, 1995). Due to the slow
time scale of vesicle clustering observed (30 min) it is likely that downstream signaling events
related to cell-cell adhesion are responsible. The role of cadherin signaling on mechanically
compliant substrates has also been investigated. Cells on N-cadherin coated substrates of
varying stiness showed an increase in cadherin adhesion size and magnitude of force generation
size correlating with increased stiness. In hydrogel and PDMS micropillar substrates coated
with N-cadherin, multiple cell types were well spread on sti substrates and rounded on soft
substrates (Ladoux et al., 2010). These results suggest a similar downstream cell behavior when
cells are adherent through cell-cell and cell-matrix contacts.
Similarly with cadherin coated substrates, physiologically similar substrate stiness is
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important for appropriate cell phenotype. Neonatal rat cardiomyocytes on N-cadherin gels of
physiologically equivalent stiness developed myobrils, striated F-actin, and sarcromeric alpha
staining. In contrast, on gels of lower or higher stiness, cells displayed a rounded morphology
or poor sarcomere organization and un-striated F-actin laments, respectively (Chopra et al.,
2011). Although cell behaviors are similar in cell-cell and cell-matrix mediated adhesion,
signicant quantitative dierences exist that are likely due to dierences in downstream signaling
mediated by the adhesion proteins activated.
1.4.4 Global View of Adhesion Mediated Mechanosensing Mechanisms
Cell-cell and cell-matrix adhesion mediated cell behavior is regulated by very dierent
mechanisms that inuence one another (Janmey and McCulloch, 2007; Potard et al., 1997).
One important example of this was presented using endothelial cells grown on ECM-coated
gels of varying stiness and cell-cell densities. Endothelial cell morphology was dependent on
stiness in subconuent but not conuent cultures. On soft gels, cells making contacts displayed
actin bundles resembling stress bers but single cells did not (Yeung et al., 2005).
How one type of cell adhesion inuences another is still not well understood. In some cases
an enhancement is seen, and in others, an inhibitory or competitive relationship. Fibroblasts
and carcinoma cell lines have an increased E-cadherin junction strength with increased integrin
activation through a mechanism involving Src kinase (Martinez-Rico et al., 2010). Epithelial
cells on bronectin coated microposts generated dierent forces depending on whether in clusters
or single cells (du Roure et al., 2005). Mesoderm cells from developing Xenopus laevis embryos
also displayed stronger tractions when in small clusters (Dzamba et al., 2009). The relationship
between cell-cell and cell-matrix adhesions was suggested to be competitive when epithelial cells
were grown on PEG gels with varying adhesivity of ligands (Ryan et al., 2001).
The interplay between cell-cell and cell-matrix adhesion is suggested to be critical for many
processes such as the coordinated movements of cell sheets, vasculature development, and
multicellular organization. Forces within an epithelial cell sheet are generated throughout rather
than just at the leading or trailing edge (Trepat et al., 2009). The stiness of the substrate also
seems to be critical in coordinating motion on long time scales not required for individual cells
(Angelini et al., 2010; Friedl and Gilmour, 2009). Substrate stiness has also been suggested
to play an important role in vasculature development. Endothelial cells grown on substrates
of varying stiness displayed altered traction forces and multicellular organization. On soft
substrates, lower traction forces were observed as well as increased branching which resulted in
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discrete tubes rather than at sheets (Figure 1.4) (Califano and Reinhart-King, 2009, 2010).
Embryonic broblasts on collagen-coated gels of high and low stiness either grew in isolation
or clusters, respectively (Guo et al., 2006). Epithelial cells maintain intercellular junctions when
grown on bronectin or lamin but not collagen (Sander et al., 1998). The interplay between
cell-cell and cell-matrix adhesion behavior is dictated by both the chemical and mechanical
context of the cell microenvironment.
Figure 1.4: Endothelial cell organization is inuenced by substrate stiness. Bright eld images
of endothelial cells cultured on collagen type I coated polyacrylamide hydrogels with a Young's
modulus corresponding to 200 and 10,000 Pa. Scale bars are equal to 50 m. This gure was
reproduced from Califano and Reinhart-King, 2009.
1.4.5 Summary
Cells are social entities that are mechanically and chemically coupled to their environment.
Cells are able to sense their surroundings by responding to stimulus and actively probing
it. Substrate elasticity governs cell behavior in many contexts and is able to inuence
dierentiation, migration, spreading, apoptosis, and many others. These cell behaviors are
thought to contribute to tissue formation and even embryogenesis.
Sites at which cells adhere to other cells or a matrix are more than physical linkages, but
hot spots for cell behavior control. Mechanosensing through cell-matrix and cell-cell adhesions
are unique processes which rely on unique proteins and mechanisms. Although the resulting
cell behaviors may be similar, signicant quantitative dierences exist that are likely due to
30
dierences in downstream signaling. The interplay between cell-cell and cell-matrix adhesion
behavior is dictated by both the chemical and mechanical contexts of the cell microenvironment.
Adhesion sites are not equal in how they respond to forces. Mechanical cues presented at any
given site depend on the particular characteristics of the system and also the milieu of other
mechanical or chemical signals the cell may sense.
1.5 Overview
The aim of this thesis is to develop a materials platform for use in cell behavior studies and to
understand the role of substrate stiness on beta-catenin activation in osteoblasts.
Chapter 2 details the development of two PA gel platforms for use in investigating the
role of substrate stiness on the activation beta-catenin discussed in Chapter 3. Preliminary
experiments were performed utilizing a well-established protocol but limitations were reached
when investigations needed to be scaled to include biochemical analysis of multiple proteins
at multiple time points. Consequently, a new protocol was developed. In Chapter 2, both
experimental protocols will be discussed and their preparation, characterization, optimization,
and implementation will be detailed.
Chapter 3 utilizes both PA gel platforms to investigate beta-catenin activation in response
to substrate stiness. Beta-catenin is a key signaling molecule of the canonical Wnt
pathway and is involved in mechanotransduction, proliferation, development, dierentiation,
and cancer. The critical regulators of beta-catenin signaling control its phosphorylation state
and localization. Active beta-catenin is unphosphorylated and localized in the nucleus where it
is involved in target gene transcription. Previous studies have proposed that beta-catenin
activation is inuenced by mechanical stress. The loading of bone causes upregulation of
active beta-catenin and increased bone formation, whereas beta-catenin knockdowns cause
morphological deformities. Additionally, acute mechanical stress increases active beta-catenin.
In consideration of these ndings, it is advantageous to ask what the role of chronic mechanical
stress, substrate stiness, plays in beta-catenin activation.
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Chapter 2
Preparation, Characterization, and
Optimization of Polyacrylamide
Hydrogels for Cell Signaling Studies
2.1 Introduction
The ideal substrate for cell behavior studies would be elastic, economical, versatile, easy to
make and characterize, optically clear and inert, linearly elastic and tunable in stiness, and
enable simple mathematical computations of traction forces (Kandow et al., 2007). Although
no substrate has been developed that possess all of these qualities, PA hydrogels have many
of them. Several mechanical, chemical, and optical advantages of using PA gels exist, namely
a linear deformation in response to a wide range of applied stresses and rapid and complete
recovery upon the removal of stress. The stiness of a PA gel can also be nely tuned by
varying the amount of bis-acrylamide cross-linker. ECM proteins and many other proteins of
interest can be covalently cross-linked to the surface using dierent cross-linking chemistries.
Furthermore, uorescence microscopy can easily be used with PA gels because they are optically
clear and non-uorescent.
PA gels have been in use in cell studies for decades. In 1978 Schnaar et al. grew hepatocytes
on PA gels to create a matrix for immobilizing sugar (Schnaar et al., 1978). Almost twenty years
later, Pelham and Wang developed a protocol to cross-link proteins to the surface of PA gels for
cell adhesion studies and to investigate the eects of substrate stiness on cell behavior (Pelham
and Wang, 1997). Following this advancement, the use of PA gels remarkably increased and a
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large body of literature has accumulated. The standard method of creating a PA gel is by mixing
acrylamide monomer, bis-acrylamide cross-linker, and TEMED and ammonium persulfate to
initiate the free-radical dependent polymerization of the double bonds (vinyl groups) found in
acrylamide and bis-acrylamide (Figure 2.1).
Acrylamide Bis-Acrylamide
Ammonium Persulfate TEMED
+
Figure 2.1: Schematic of polyacrylamide polymerization. Ammonium persulfate and TEMED
initiate the free-radical dependent polymerization of the vinyl groups on acrylamide and bis-
acrylamide. This gure was reproduced from Kandow et al., 2007.
After polymerization, variable length chains of acrylamide are statistically cross-linked
by bis-acrylamide (Chrambach and Rodbard, 1971). Cross-linking the surface of the PA
gel with a protein is achieved using a photoactivable heterobifunctional cross-linker, such
as sulfo-SANPAH. Sulfo-SANPAH contains a photoreactive nitrophenyl azide group and a
sulfosuccinimydyl group which reacts with primary amines. Sulfo-SANPAH is added on top of
the gel and subjected to UV light (320-350 nm) which causes the nitrophenyl azide group to form
a nitrene group that non-specically reacts with polyacrylamide (Figure 2.2). Subsequently,
the sulfosuccinimydyl group will react with primary amines of the protein of interest resulting
in a covalent linkage to the PA gel.
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Sulfo-SANPAH
Photoreactive
nitrophenyl azide
UV light
Polyacrylamide
Polyacrylamide
Figure 2.2: Schematic of Sulfo-SANPAH surface functionalization. UV light (320-350 nm)
induces the nitrophenyl azide group to form a nitrene group which non-specically reacts with
polyacrylamide. Subsequently, the sulfosuccinimydyl group will react with primary amines of
the protein of interest resulting in a covalent linkage to the polyacrylamide hydrogel. This gure
was reproduced from Kandow et al., 2007.
The stiness of a gel is characterized by its Young's modulus (E). Under ideal conditions
E is proportional to the applied stress and the resulting strain, or deformation. Methods
used to characterize E are nanoindentation, rheology, and compression testing. In this work,
the nanoindentation technique, atomic force microscopy (AFM), and unconned compression
testing were implemented. AFM is the standard for quantifying the E of a hydrogel because
it oers force detection on a nanoscale which is relevant for the cell. Unconned compression
testing was implemented here because it oered a method for comparison with native tissues.
2.1.1 Experimental Design
For pilot experiments it was useful to adapt the widely used protocol for PA gel synthesis
established by Tse et al. (Figure 2.3). The protocol details the synthesis of very thin (50 to 100
m) PA gels of tunable mechanical properties. The main benet of using this platform is that
the gels are immobilized on a glass coverslip, and thus, are ready for use with optical microscopy
techniques. A limitation of this technique is that the gel thickness may not be greater than the
distance a cell can sense. Therefore, the cell may be able to sense the underlying substrate. If
cells respond to the underlying glass substrate then experimental results will be confounded.
Additionally, the surface area available for cell adhesion and proliferation is limited, and thus,
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requires many replicates for use in biochemical assays. Therefore, the scalability of this platform
is a major drawback. Furthermore, the glass surface activators, aminopropyltrimethoxysilane
and gluteraldehyde, often cause signicant uorescent background.
PA Gel
Glass Coverslip
UV Light
Sulfo-SANPAH
Collagen Type I
MC3T3-E1 Osteoblast
A
B
C
D
E
Figure 2.3: Diagram of protocol for synthesizing thin polyacrylamide hydrogels developed by
Tse et al. A drop of unpolymerized PA gel solution is sandwiched between two functionalized
glass coverslips (A). Once gelation is complete, the top coverslip is removed (B). Sulfo-SANPAH
cross-linker is added on top of the gel and subjected to UV light (C). Collagen type I is added
on top of the gel and left overnight at 37C (D). Cells are directly seeded on top of the gel in
serum free culture media (E).
In Chapter 3 the activation of the signaling protein beta-catenin is investigated in response to
mechanical cues. The role of beta-catenin largely depends on its cellular localization, whether
it is membrane bound, cytosolic, or nuclear. Therefore, it was necessary to compartmentalize
cellular fractions to determine the amount of beta-catenin in each. The main problem resulting
from cellular compartmentalization was the reduction in total protein quantity available for
detection in each compartment. Combining this challenge with the already limited cell number,
it became clear that the current protocol was not ideal for biochemical analyses. In summary, the
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thin gel protocol developed by Tse et al. is eective for immunouorescence but severely limited
for the scale necessary to probe the underlying biochemistry governing mechanotransduction.
Consequently, an alternative protocol was developed which overcame these limitations.
Commercially available pre-cast SDS-PAGE gels of gradient stiness have recently been
implemented in cell behavior studies as an alternative to the method developed by Tse et al.
(Sharma and Snedeker, 2010). Using pre-cast SDS-PAGE gels, it was found that reproducible
stinesses can be achieved. Moreover, appropriate mechanical cues are presented to evoke
similar cell responses as those previously observed. Although the thick gel protocol created by
Sharma and Snedeker utilizes identical processing methods as those used previously, there is
an increased benet due to the ability of making a gel of any size or shape. Considering this
benet, a similar protocol was implemented.
The thick gel protocol developed in this work utilized common SDS-PAGE equipment for
casting PA gels between two vertical glass plates separated by a spacer. Subsequent processing
is identical to those employed previously (Figure 2.4). Using the thick gel platform the
experimental challenges presented using the thin gels were overcome. Therefore, it was possible
to scale up the experiments enabling higher cell numbers and protein quantities detectable by
biochemical analysis. An additional benet of using thick gels is that on a cellular scale they
are eectively innite (0.75 mm), so that the chance a cell may sense the underlying substrate
is small.
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PA Gel
TCP
UV Light
Sulfo-SANPAH
Collagen Type I
Cell
A B C
D
E
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G
Figure 2.4: Diagram of protocol for synthesizing thick polyacrylamide hydrogels. Unpolymerized
PA gel solution is poured and polymerized between two vertical plates (A). The gel is removed
(B), cut with a hollow punch into the appropriate sizes (C), and inserted into TCP multiwell
plates (D). Sulfo-SANPAH cross-linker is added on top of the gel and subjected to UV light
(E). The desired protein is added on top of the gel and left overnight at 37C (F). Cells are
directly seeded on top of the gel in serum free culture media (G).
In this section, the synthesis and optimization of both thin and thick gels will be detailed
followed by characterizations of gel stiness and ECM coating. Finally, the inuence of substrate
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stiness on osteoblast morphology will be explored.
2.2 Materials and Methods
2.2.1 Synthesis of Thin Polyacrylamide Gels
Thin polyacrylamide hydrogels were prepared according to a widely used protocol (Tse et
al., 2007). Briey, glass coverslips were covered and evaporated of NaOH (Sigma) and
DI water and coated with 3-aminopropyltriethoxysilane (APES) (Sigma). One batch of
coverslips were then washed with DI water and covered with glutaraldehyde (Sigma) resulting
in amino-silanated glass. Another batch of coverslips were washed with DI water and
covered with dichlorodimethylsilane (DCDMS) (Sigma) resulting in chloro-silanated glass. The
polyacrylamide gel components were mixed with appropriate concentrations of acrylamide (Bio-
Rad Laboratories) and bis-acrylamide (Bio-Rad Laboratories) in PBS (Sigma) to reach the
desired gel stiness. The mixture was degassed for at least 15 minutes to remove any dissolved
oxygen which may quench the free radical polymerization. The polymerization initiators
tetramethylethylenediamine (TEMED) (Sigma) and 10% ammonium persulfate (APS) (Sigma)
were added at ratios of 1/1000 and 1/100 of the total volume, respectively. A drop of the
solution was added on top of the chloro-silanated coverslip, covered with the amino-silanated
coverslip, and left to polymerize for 5-30 minutes. The PA gel attached to the amino-salinated
coverslip was removed and washed with PBS three times.
A sterile solution of sulfo-SANPAH (Thermo Scientic), a photoinitiated cross-linker which
binds free amines, was diluted in 50 mM HEPES pH 8.5 (Sigma) to a nal concentration of 0.2
mg/ml. The sulfo-SANPAH solution was added on top of each gel and subjected to UV light
(365 nm) for 10 minutes. Each gel was washed three times with HEPES solution. A 0.1 mg/ ml
collagen type I (BD Biosciences) solution was prepared in 50 mM HEPES pH 8.5. The collagen
solution was added on top of the gel and left for 24 hours. Before the addition of cells, each gel
was gently washed with sterile DPBS (Invitrogen).
2.2.2 Synthesis of Thick Polyacrylamide Gels
Thick polyacrylamide hydrogels were prepared by a casting method where a gel solution
was added between two glass plates separated by a 0.75 mm spacer. The gel-casting kit is
commercially available (Bio-Rad Laboratories) and intended for use with SDS-PAGE gels. Prior
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to use the glass was thoroughly cleaned with 70% Virkon (Fisher Scientic) and ethanol (Sigma)
before being rinsed with DI water, dried, and assembled in the gel-casting apparatus. Gel
solutions were prepared identically to the thin gel protocol described above. Initiators were
added and then the solution was gently mixed and added to the gel-casting apparatus. The
apparatus was covered to limit exposure to oxygen. A minimum gelation time of 20 minutes
was followed by apparatus disassembly. The desired size gel was cut using hollow punches and
transferred to a plastic dish. The gels were washed three times for twenty minutes in sterile
DPBS. During the nal wash cycle, the gels were placed under a UV lamp for sterilization. The
gels were then inserted into the multi well plate of appropriate size and left overnight. The
collagen coating protocol was identical to that utilized for thin gels.
2.2.3 Atomic Force Microscopy (AFM)
AFM was performed by Dr. Xinyong Chen at the University of Nottingham, UK. Samples
were prepared as described in Section 2.2.1, coated with collagen type I (0.1 mg/ml), soaked
in PBS overnight at 37C, and removed from PBS immediately before testing. Therefore, the
gels were not hydrated during testing. The spring constant of the AFM tip was experimentally
measured using the "thermal tune" function on a MultiMode 8 AFM (Bruker) instrument. The
AFM tip used was a 12.5 m diameter glass micobead supported by two arms. The depth of
penetration for data collection was 10 m. Force relaxation curves for 30 points per gel were
collected and t with the Hertz model. The Hertz model assumes a perfect sphere is contacting
a perfectly at surface. The surface is assumed to be innitely thick compared to the radius of
the sphere. The glass microbead was cleaned after each measurement to ensure that no surface
contamination would lead to skewed results. The tip did not signicantly change over the course
of the experiment. Additionally, no trend was observed with force relaxation curves throughout
the experiment. Therefore, any drying that may have occurred did not signicantly inuence
the elastic properties of the gel. Data generated that were an order of magnitude dierent than
the average were discarded (always less than ve points per 30). The large discrepancies were
thought to be caused by contact with the underlying glass.
2.2.4 Unconstrained Compression Testing with an Instron Mechanical Tester
Unconned compression analysis was performed in an Instron mechanical machine using a 50
N load cell. PA gels were prepared as described in Section 2.2.2, hollow punched into 6 mm
diameter discs, hydrated in PBS overnight at 37C, subjected to a 0.01 N preload, and tested at
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a strain of 1 m/s between two at platens. Rat and bovine tissue samples were thawed from
frozen, cut into 8 mm diameter discs, subjected to a 0.01 N preload, and tested at a strain of 3
m/s between two at platens. The sample heights varied in each gel because of swelling ratios
and each tissue because of harvesting locations. All data was converted to stress and strain to
quantify the compressive stiness. Compressive stiness was calculated from the linear portion
of the stress-strain curve to give the tangent modulus of all the samples.
2.2.5 Sample Preparation for Fluorescence Microscopy and IR Spectroscopy
Media was removed from each sample and non-adherent cells are removed with one ice-
cold PBS wash. Samples were xed with 3.7% paraformaldehyde (Sigma) for 15 minutes
at room temperature and cells were permeabilized with 0.01% Triton x-100 (VWR) in
PBS for 3-5 minutes at room temperature. Samples were blocked with 3% bovine serum
albumin (BSA) (Sigma) in 0.1% Tween-20 (Sigma) PBS (PBS-T) for 1-2 hours with mild
mixing. Primary antibodies diluted in blocking buer were added and left for 1.5-3 hours
with mild mixing. Primary antibodies utilized were: beta-catenin (Abcam), phospho-
beta-catenin(Ser33/37/Thr45) (Cell Signaling Technology), F-actin (Abcam), and Caveolin-1
(Abcam). Samples were washed three times with PBS-T for 5 minutes with mild mixing.
Secondary antibodies diluted in blocking buer were added and left for 1-2 hours with mild
mixing. Samples were washed three times with PBS-T for 5 minutes with mild mixing. Alexa
uor, anti-rabbit and anti-mouse (Invitrogen) secondary antibodies were used for uorescence
microscopy. Infrared (IR) uorophor-conjugated antibodies used for IR spectroscopy were
IRDye 680 anti-rabbit, IRDye 800 anti-rabbit 800, and IRDye 800 anti-mouse (Li-Cor
Biosciences). To stain for DNA, DAPI (Cell Signaling) and DRAQ5 (Cell Signaling) were
used for uorescence microscopy and IR spectroscopy, respectively.
2.3 Results and Discussion
2.3.1 Polyacrylamide Hydrogels of Variable Stiness Were Successfully
Created
The thin and thick PA gel synthesis protocols implemented in this work were sucient to
investigate the eects of substrate stiness on beta-catenin activation described in Chapter 3.
Although limitations exist with both protocols, combined they proved to be eective. Thin gels
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were benecial for uorescence microscopy while thick gels were for biochemical investigations
and IR spectroscopy. The main benet of thick gels was the freedom of processing. They could
be cut into any size or shape and inserted into any multiwell plate making them scalable.
2.3.2 Analysis of Young's Modulus
The Young's modulus of each PA gel was measured using AFM. It was necessary to determine
whether the stiness from areas within each gel and from gel to gel were similar. The thick
gels were further characterized as a bulk material using unconned compression testing and
compared to native tissues.
Nanoscale Young's Modulus Detection with Atomic Force Microscopy
Five thin gels were prepared with dierent bis-acrylamide concentrations as described in
Methods and Materials and sent to a collaborator for AFM analysis. According to the protocol
published by Tse et al., the Young's moduli of the ve PA gel types should range linearly from
3 to 40 kPa. These stinesses were chosen in order to mimic a range between native brain and
cortical bone tissue. The concentrations of each component are described in Table 2.1 and
compared to the predicted and actual stifnesses measured. The stiness, or Young's modulus,
of each gel was determined by sampling 25-30 points within a gel and tting the force relaxation
curves using the Hertz method. The Hertz method assumes a perfectly elastic contact between
the rounded AFM tip and the surface of the gel. Therefore, likely error is due to assuming
an ideal relationship and also the tip interaction with the aqueous interface. AFM analysis
conrmed that the appropriate range of stifnesses was achieved, but the intermediate stinesses
were non-linear and inconsistent (Figure 2.5).
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Figure 2.5: Polyacrylamide hydrogels with tunable Young's modulus. Five thin polyacrylamide
hydrogels of increasing bis-acrylamide concentrations were prepared and analyzed by AFM (A-
E) in a hydrated state 48 hours after polymerization. Force relaxation curves were t using the
Hertz method to generate Young's modulus values. The average Young's modulus and standard
deviation (25-30 points per gel) are shown. * p-value <0.05
Table 2.1: PA gel components mixture and Young's Modulus.
PA gel Acrylamide (ml) Bis-Acrylamide (ml)
Young's Modulus  St. Dev. (kPa)
Expected1 Experimental
A 8 0.048 2.6  0.8 7  1
B 8 0.096 - 11  5
C 8 0.264 20  1 26  7
D 8 0.360 - 15  5
E 8 0.48 40  2 63  9
1 [Tse et al. 2007]
For subsequent studies it was desirable to simplify the experimental design and focus on the
low (A) and high (E) stiness gels which will be referred to as Thin-Low (Tn-L) and Thin-
High (Tn-H), respectively. Moreover, the possibility of quantitatively being able to measure
dierences over such a short range of stinesses would be dicult and require a large detectable
change with highly sensitive assays. To compare batch to batch variability the above AFM
analysis was repeated four times and the results were compiled (Figure 2.6).
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*Figure 2.6: Thin polyacrylamide hydrogels of low (12  5 kPa) and high (33  14 kPa) stiness
are signicantly dierent. Four independently made sets of Tn-L and Tn-H gels were prepared
according to Methods and Materials and analyzed by AFM in a hydrated state. Force relaxation
curves were t using the Hertz method to generate Young's modulus values. The average
Young's modulus and standard deviation of four gels (25-30 points per gel) are shown. * p-
value <0.05
The Young's moduli of Tn-L and Tn-H gels were experimentally measured to be 12  5 and
33  14 kPa, respectively. The high degree of variability found is likely due to both natural
variability and experimental limitations. One likely cause of error is that data were generated in
non-identical conditions, namely swelling time and AFM tip. Ideally, analysis methods should
be identical for each sample and should even be performed on the same day to remove any
extraneous opportunities for error. Another likely cause of error is gel porosity. This was not
tested here but will be done in future work. The above method was also performed on the thick
gels.
Thick gels were prepared as described in Methods and Materials in two bis-acrylamide
concentrations, corresponding to the Tn-L and Tn-H, and sent to the collaborator for AFM
analysis. Thick gels of low and high stiness will be represented as Thick-Low (Tk-L) and
Thick-High (Tk-H), respectively. Identical protocols were used for thick and thin gels. AFM
analysis of Tk-L and Tk-H gels showed a Young's modulus corresponding to 2.9  0.3 and 28
 5 kPa, respectively (Figure 2.7).
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*Figure 2.7: Thick polyacrylamide hydrogels of low (2.9  0.3 kPa) and high (28  5 kPa)
stiness are signicantly dierent. Tk-L and Tk-H gels were prepared according to Methods
and Materials and analyzed by AFM in a hydrated state. Force relaxation curves were t using
the Hertz method to generate Young's modulus values. The average Young's modulus and
standard deviation (20-25 points per gel) are shown. * p-value <0.05
A summary of expected and experimentally derived Young's moduli are compared for thick
and thin gels in Table 2.2.
Table 2.2: Summary of Young's Moduli
PA gel
Young's Modulus St. Dev. (kPa)
Expected1 Experimental
Thin Thin Thick
Low 2.6  0.8 13  5 2.6  0.4
High 40  2 33  14 28  5
1[Tse et al. 2007]
The data suggest that the thick gels are less sti than the thin gels and closer to expected
values. Dierences in expected and experimental values could be due to several reasons, namely
experimental limitations, gel thickness, and swelling. The thickness of the thin gels may be
such that the AFM tip is sensing the underlying substrate. Notably, thin gels are adherent to a
substrate and thus the swelling is limited. In contrast, thick gels are free to swell to a maximum.
It was observed that the swelling for low stiness gels was greater than that of high stiness gels.
Therefore, the limitation in swelling may be a factor for low stiness gels (where a dierence
in Young's modulus is observed), but not high stiness gels (where no signicant dierence in
Young's modulus is observed). Although there are dierences in the absolute Young's moduli
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when comparing low and high stiness gels, the dierence was approximately 20 kPa in each
case.
Bulk Material Young's Modulus Detection with Unconned Compression Testing
To further characterize the PA gels, the bulk properties were tested using an Instron mechanical
tester. Compression testing was used in order to overcome certain limitations of AFM.
Determining Young's modulus using AFM is highly dependent on the model being used to
t the data. Although the AFM method used in this work has been suggested to be compatible
with hydrogels, it is desirable to make a comparison to the bulk characteristics which are not as
dependent on applied models. Moreover, within any native tissue there is a range of stinesses,
and AFM detection would only characterize individual points, whereas bulk compression testing
would characterize the entire gel or tissue. Therefore, utilizing compression testing would allow
comparisons of tissue and gel types on a reliable, bulk scale. Four independently made Tk-L and
Tk-H gels were prepared as described in Methods and Materials and subjected to unconned
compression testing (Figure 2.8).
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Figure 2.8: Thick polyacrylamide hydrogels have consistent and reproducible properties. Thick
PA gels were prepared according to Methods and Materials, hollow punched into 6 mm discs,
and were subjected to unconstrained mechanical testing in a hydrated state 24 hours after
polymerization. Gels were subjected to a 0.01 N preload, and tested at a strain of 1 m/s
between two at platens. Stress-strain curves for four independently made Tk-L and Tk-H gels
are shown.
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Little deviation exists between each independent sample of Tk-L and Tk-H gels, and thus,
this result suggests that thick gels can be made reproducibly. If a linear t for the initial
slope of each curve is generated, the Young's modulus for each sample can be interpolated.
To compare the Young's modulus with those collected with AFM it would be valuable to only
t very low strains. AFM is a technique that detects material properties using microstrains,
whereas Instron compression testing is more reliable at higher strains. Therefore, interpolating
the Young's modulus of thick gels using strains from 0 to 2 percent results in large variance,
whereas using strains from 0 to 25 percent results in small variance (Figure 2.9).
*
Figure 2.9: Thick polyacrylamide hydrogels have similar Young's modulus to AFM data when
tting low strains (0 to 2%) but slightly higher and more reproducible values when considering
larger strains (0 to 25%) which are suitable for Instron mechanical testers. Four independently
made Tk-L and Tk-H gels were cut in 6 mm discs and subjected to unconstrained mechanical
testing in a hydrated state 24 hours after polymerization. Gels were subjected to a 0.01 N
preload, and tested at a strain of 1 m/s between two at platens. Stress-strain curves for Tk-L
and Tk-H gels were t to a straight line considering either strains in the range of 0 to 2% or
0 to 25%. The Young's moduli were interpolated from the linear t and used to generate an
average and standard deviation for each gel type. * p-value <0.05
Presumably the Young's modulus relevant on a cellular scale is reected in AFM analysis and
Instron compression testing at low strains, which in this work are in agreement. Although low
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strains may be relevant to the cell, larger strains are relevant for materials characterization.
It is advantageous to compare Tk-L and Tk-H gels with native tissues to determine if their
Young's moduli are in a physiological range and also what type of tissue they most closely
mimic. Moreover, it is benecial to use identical testing methods when comparing the stiness
of a gel to that of native tissue. Utilizing identical experimental methods and data analysis
the Young's moduli were generated for native tissues from rat and bovine calf and compared to
Tk-L and Tk-H gels (in collaboration with Dr. Anthony Callanan) (Figure 2.10).
*
Figure 2.10: Thick polyacrylamide hydrogels are similar in stiness to physiological tissues.
Rat tissues (brain, kidney, abdominal muscle, heart, and leg muscle) and bovine calf tissues
(cartilage, demineralized bone matrix (DBM), and bone) were compared to Tk-L and Tk-H gels
using an identical method for unconned compression testing. Young's moduli were interpolated
from a linear t of strains ranging from 0 to 25 percent. The average Young's modulus of 1 to
4 samples for each tissue or gel was compared for this pilot experiment. * p-value <0.05
Although this was only a pilot experiment with sample sizes ranging from 1 to 4, it is interesting
to note that the stiness of Tk-L and Tk-H gels were found in the physiological range. Further
experiments are planned to increase the sample size and more reliably characterize the native
tissues.
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2.3.3 Characterization of Collagen Type I Coating
It is desirable to ensure that the collagen coating on low and high stiness gels is
indistinguishable. If dierences exist, resulting cell behavior changes could be attributed to
substrate stiness falsely. Therefore, the ECM coating was characterized using two dierent
techniques, confocal microscopy and UV-Vis spectroscopy. Similar investigations in the
literature often only include ECM characterizations utilizing confocal microscopy to show an
image of the surface of the gel and a cross sectional image. Similar results are reproduced here
with the addition of more detailed characterization using spectroscopy techniques.
ECM Coating Comparisons with Confocal Microscopy
Thin and thick gels were prepared as previously described and coated with FITC-labeled
collagen (collagen-FITC). Three thin gels of low stiness were coated with variable percentages
of collagen-FITC and imaged on a confocal microscope (Figure 2.11).
A CB
Figure 2.11: Collagen surface coatings are homogeneous as visualized by confocal images in the
XY plane. Three thin gels were prepared and coated with 3 (A), 6 (B), and 10% (C) collagen-
FITC supplemented collagen type I (0.1 mg/ml) and imaged on a confocal microscope 24 hours
after gel coating procedures. Representative images are shown. Scale bars equal 50 m.
In a separate experiment, thin and thick gels were coated identically with 0.1 mg/ml collagen-
FITC. Representative images are shown (Figure 2.12).
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Figure 2.12: Collagen surface coatings are similar in thickness as visualized by a confocal
image in the XZ plane. Tn-L (A), Tn-H (B), Tk-L (C), and Tk-H (D) gels were coated with
collagen-FITC and imaged on a confocal microscope 24 hours after gel coating procedures. The
underlying glass substrate is visable in thin gel images (A and B). Representative images are
shown. Scale bars equal 50 m.
The thickness of the collagen layer was measured using ImageJ and there appeared to be no
signicant dierence in collagen layer thickness between each gel type (Figure 2.13).
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Figure 2.13: Collagen surface coatings are not signicantly dierent in thickness. Confocal
microscopy images of collagen-FITC coated Tn-L, Tn-H, Tk-L, and Tk-H gels were used to
quantify the collagen coating thickness. The average thickness and standard deviation of 15
measurements (three measurements per image and ve images per gel) are shown.
Although the collagen coating thickness is not an all-encompassing embodiment of the collagen
coating, it is none the less important in considering dierences between coating characteristics.
Protein adhering to a surface is not a trivial process and is inuenced by many environmental
factors. Therefore, it is valuable to know that the thickness from gel to gel does not change.
Based on these optical techniques, the collagen coating is homogeneous and reproducible. To
more robustly characterize the collagen coating, another technique was employed.
Collagen Type I Coating Quantication with UV-Vis Spectroscopy
Thin gels were prepared as previously described with variable concentrations of collagen-FITC
and subjected to UV-vis spectroscopy (in collaboration with Andreas Blaeser) (Figure 2.14).
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Figure 2.14: Collagen surface coating is consistent between gels. Three independently made
Tn-L and Tn-H gels coated with collagen-FITC were subjected to UV-Vis spectroscopy 24
hours after gel coating procedures. Relative uorescence intensities from unlabeled gel control
samples were subtracted from collagen samples. The average relative uorescence and standard
deviation of three gels per condition are shown.
Although some variation in collagen coating is observed, no signicant dierences exist. It
appears that a stoichiometric process is occurring, where the concentration of collagen added
on top of the gel is proportionally reected by the collagen on the surface.
2.3.4 Protocol Optimization for Polyacrylamide Hydrogels
The handling and processing of PA gels is not a trivial process and requires optimization at
each step. Instruments designed for cell studies were created for utilization with a rigid surface,
not a mobile 3D architecture. Implementing the thin gel protocol was straightforward and
only required following published protocols. The thick gel protocol required a great deal of
optimization. Discussed here are strategies to implement the thick gel protocol.
After successful polymerization of the PA gel, it is highly desirable to arrange the
optimal environment for handling, and therefore, numerous methods were explored. After
polymerization there are left-over elements that are cytotoxic, namely acrylamide monomers,
nitriles, and others. Therefore, the gel must be thoroughly washed. The rst point for
optimization was how the gels should be washed and pre-swelled. Attempts included: pre-
swelling the gels overnight, cutting and adding to culture environment; cutting the gels, swelling
them overnight and adding them to culture environment; cutting the gels, adding them to
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culture environment and swelling them over night. Adding the gel to the culture environment
before swelling is optimal. This was because swelling in the gel allowed the gel to conform to
the best in-well t. Otherwise, inserting the gel was dicult and excessively swelled gels usually
curved up the side wall.
Another point of optimization is the quantity of reagents to use. If the volume is too low a
circular dependence is observed (i.e. the collagen coating, cells, or antibodies do not reach the
center portion of the gel and a non-homogeneous gel results). Too much volume is wasteful and
creates excessive background when using microscopy. Because the gel is not xed to the surface
there is some mobility upon moving the container. Therefore, creating a homogeneous coating
of collagen or antibodies was dicult. Traditional elliptical shakers and rocking equipment
is not enough to homogeneously cover the gel with antibodies for microscopy. If an elliptical
shaker was combined with a rocker (i.e. a rocking device on an elliptical shaker) a homogeneous
surface coverage was observed.
2.3.5 Substrate Stiness Inuences Cell Morphology
To further characterize the dierences in gel stiness and to conrm that the PA gels would
support cell adhesion and growth, MC3T3-E1 osteoblasts were seeded onto Tn-L and Tn-H gels
and imaged using bright eld (Figure 2.15) and uorescence microscopy. An array of bright eld
images were used to measure cell spread area and elliptical factor, a measure of long over short
axis of the cell. The elliptical factor was signicantly higher in MC3T3-E1 osteoblasts grown
on higher stiness gels (Figure 2.16). Notabley, this result was independently reproduced.
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Figure 2.15: MC3T3-E1 osteoblasts adherent on Tn-L and Tn-H gels dier in morphology.
MC3T3-E1 osteoblasts were seeded on collagen type I coated Tn-L (A and B) and Tn-H (C
and D) gels and imaged 24 hours after seeding. Representative images are shown. Scale bars
equal 200 m.
*
Figure 2.16: MC3T3-E1 osteoblasts adherent on high stiness gels have a larger elliptical factor.
Bright eld images of MC3T3-E1 osteoblasts adherent on collagen type I coated Tn-L and Tn-H
gels were used to measure the elliptical factor of each cell population. The average elliptical
factor and standard deviation of 50-60 cells per condition are shown. * p-value <0.05
A dierence in elliptical factor suggests that the osteoblasts are indeed responding to the
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rigidity of the substrate. To further characterize the morphological dierences induced by
substrate stiness, the actin cytoskeleton was imaged utilizing phalloidin (Figure 2.17).
A B
Figure 2.17: The actin cytoskeleton organization of MC3T3-E1 osteoblasts diers on Tn-L and
Tn-H gels. MC3T3-E1 osteoblasts were grown on collagen type I coated Tn-L (A) and Tn-H
(B) gels, xed 24 hours after seeding, stained for F-actin, and imaged on a confocal microscope.
Representative images are shown. Scale bars equal 100 m.
F-actin is more organized on higher stiness substrates showing the typical phenotype of stress
bers. This result is consistent with previous observations (Yeung et al., 2005).
2.4 Conclusion and Future Work
Thin and thick polyacrylamide gels were successfully produced and characterized. AFM analysis
data showed that signicant dierences between Tn-L and Tn-H, and Tk-L and Tk-H exist and
that only minor variance exists within each group. Compression testing revealed that the batch
to batch variability of thick gels was negligible and that stiness was signicantly dierent for
strains ranging from 0 to 25%. Moreover, the Young's moduli of thick gels were similar when
investigated by AFM and compression testing only at low (0 to 2 %) strains. Additionally,
the collagen coatings of each gel type were homogeneous and consistent within and across gels.
These results suggest that the cell behavior results obtained will be due to stiness rather than
dierences in ECM coating cues.
In future work it would be desirable to further optimize the protocol to simplify the usability
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and increase the specicity of the system. For example, the protocol could be adapted to use
well inserts. This would limit the cells from contacting the cell culture treated TCP and enable
a fresh environment after cross-linking procedures. Moreover, the removal of liquid from the
apparatus would be simplied. Cross-linking reagents are known to inuence cell behavior and
without thorough washing they may skew results. Therefore, by using gel inserts, residual
cross-linking reagents would be reduced. Cells would also be prevented from adhering to the
TCP surface and therefore stop any potential paracrine signaling that may occur. Similarly,
wells could be coated with inert polymers such as agarose or PEG to limit cell adhesion. In the
current protocol very few cells adhered to the underlying TCP, but the removal of this noise
would be benecial to strengthen the specicity of the system.
The surface topography of the gels should also be assessed in future work. It is widely
recognized that topography inuences cell behavior, therefore, ensuring equivalent topography
would strengthen any ndings using the PA gel protocols utilized in this work. Moreover,
although topographical dierences may be present, the resulting cell behavior discoveries would
remain signicant but may have dierent upstream eectors. Notably, steps were taken to
investigate topography using electron microscopy (in collaboration with Dr. Sergio Bertazzo
and Andreas Blaeser). Thick gels were prepared normally and then processed with two
dierent methods for transmission electron microscopy (TEM). Serial concentrations of ethanol
dehydrated the gels making them shrivel and turn opaque. Freeze drying the thick gels also
altered the gel properties by deforming the surface. Other sample preparation protocols must
be attempted to enable the reliable imaging of the gel surface.
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Chapter 3
The Role of Wnt/Beta-Catenin
Signaling in Mechanosensing
3.1 Introduction
The Wnt/beta-catenin signaling pathway is an important regulator of cell proliferation,
dierentiation, and cell adhesion. Aberrant signaling often results in various types of cancer
and developmental abnormalities (Thiery et al., 2002). The main role of the Wnt/beta-catenin
signaling pathway is to regulate the amount of beta-catenin and its translocation to the nucleus
where it acts as a gene transcription cofactor with T cell factor/lymphoid enhancer factor
(TCF/LEF) and a structural adaptor protein involved in cadherin mediated cell-cell adhesion
(Cadigan and Nusse, 1997; Jamora and Fuchs, 2002). Beta-catenin mediated gene transcription
can be activated by Wnt ligand and also applied mechanical stresses independent of Wnt (Case
and Rubin, 2010). In this section, the role of beta-catenin in chronic mechanical stress and the
underlying regulatory mechanism were investigated.
In the absence of Wnt signaling, cytosolic levels of beta-catenin are kept low through
degradation and sequestration. Beta-catenin is targeted for ubiquitination and degradation
in the 26S proteosome by paired phosphorylation through the serine/threonine kinases casein
kinase I (CK1) (Liu et al., 2010) and glycogen synthase-3b (GSK-3b) bound as a scaolding
complex of axin and adenomatous polyposis coli (APC). Beta-catenin is also sequestered
at the membrane in cadherin cell-cell adhesion complexes, in lipid rafts, and in exosomes
(Chairoungdua et al., 2010; Nelson and Nusse, 2004). Wnt signaling is initiated upon a soluble
Wnt ligand binding to the co-receptors Frizzled and lipoprotein receptor-related proteins 5
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or 6 (LRP-5/6). The beta-catenin destruction complex is then inhibited through GSK-3b
inhibition which results in accumulation of beta-catenin in the cytosol. Cytosolic beta-catenin
accumulation leads to more beta-catenin translocation to the nucleus and its association in
a complex with transcription factors of the TCF/LEF family which regulate specic target
gene expression (Nelson and Nusse, 2004). Therefore, the critical factors in Wnt/beta-catenin
signaling are the stabilization and accumulation of beta-catenin (Figure 3.1).
Wnt
FrizzledL
R
P
Dv1GSK-3
β-catenin
FrizzledL
R
P
Dv1
Cadherin
β-catenin
p120
α-catenin
β-catenin
GSK-3
AxinAPC
β-catenin
26S Proteosome
Cytoplasm
Nucleus
β-catenin β-catenin
β-catenin
LEF/TCF
Transcription
Cadherin
LEF/TCF
Actin
                Cytoskeleton
β-Catenin Activationβ-Catenin Degradation
CK1
CK1
ub
Src
Fer
Figure 3.1: Diagram of Wnt/beta-catenin signaling. In the absence of Wnt, beta-catenin
levels are maintained low by constitutive phosphorylation, ubiquitination, and proteasomal
degradation. In the presence of Wnt, beta-catenin is stabilized which causes its accumulation
in the nucleus and subsequent translocation to the nucleus where it is involved in target gene
transcription.
Cell-cell adhesion is a critical regulator of structural organization and cellular function. A
cell-cell adhesion complex consists of a transmembrane cadherin protein with a homophilic
extracellular binding domain and an intracellular domain that associates with a number of
proteins to form the basis of the cadherin complex. In the intracellular domain, p120 and
beta-catenin bind to cadherin ensuring subsequent binding to alpha-catenin (Davis et al.,
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2003). Through alpha-catenin, the cadherin complex is linked to the actin cytoskeleton.
Regulation of the cadherin complex is balanced by tyrosine kinase and phosphatase activities.
Serine/threonine phosphorylation of beta-catenin stabilizes the cadherin complex. Tyrosine
phosphorylation of beta-catenin by the kinase Fer inhibits beta-catenin binding to alpha-catenin
(Piedra et al., 2003). Beta-catenin binding to cadherin is inhibited by Src phosphorylation. A
depletion of cadherin complexes from the plasma membrane results from p120 phosphorylation
by Src or Fer. The regulation of the cell-cell adhesion complex is directly linked to the amount
of beta-catenin available in the cell. If the membrane associated pool of beta-catenin can be
made available for target gene transcription is under active investigation.
The role of beta-catenin in mechanosensing has been suggested in various contexts but the
mechanistic understanding of the processes and how they interconnect remains fragmentary.
The basis of this work stems from two previous observations that beta-catenin is activated
by acute mechanical stress. Osteoblasts subjected to one hour of laminar uid shear stress
showed an increased quantity of beta-catenin in the nucleus and target gene expression (Norvell
et al., 2004). Osteoblasts cultured on a exible membrane subjected to mechanical strain
showed a rapid, transient accumulation of active beta-catenin in the cytoplasm and a subsequent
increase in the nucleus where it was involved in the transcription of target genes. A possible
mechanism is that mechanical strain activates Akt and inactivates GSK-3b which allows beta-
catenin translocation to the nucleus independent of Wnt (Case et al., 2008). Beta-catenin has
also been implicated in mechanotransduction mechanisms crucial for bone development in a
Wnt-dependent and -independent manner. Wnt-dependent signaling of beta-catenin is well
characterized and its role in the upregulation of osteogenic genes is well understood. Wnt-
independent signaling of beta-catenin is much less understood. It is thought that lipid rafts
regulate beta-catenin activation by sequestering it until mechanical stress triggers its release
(Rubin et al., 2007). Beta-catenin sequestration through cadherin-mediated cell-cell adhesion
could also play a role. Phosphorylation of p120 by the Src kinase results in the loss of cadherin
complexes from the cell surfaces. Generally, activation of tyrosine kinases results in a loss
of cadherin-mediated cell-cell adhesion and accumulation of beta-catenin. These results could
be coupled with integrin mediated cell-matrix adhesion, where integrin activation increases
Src concentrations leading to p120 phosphorylation followed by cadherin complex disassembly.
Beta-catenin would therefore accumulate in the cytosol, translocate to the nucleus, and activate
gene transcription.
The phenomenological observations surrounding beta-catenin activation suggest an inuential
role in mechanotransduction. It has been previously reported that beta-catenin activation is
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increased in systems of acute mechanical stress and reduced sequestration of beta-catenin. In
this work, the eect of chronic mechanical stimulation (substrate stiness) on beta-catenin
activation will be described for the rst time.
3.2 Materials and Methods
3.2.1 Cell Culture
MC3T3-E1 osteoblasts were cultured in MEM-alpha (Invitrogen) supplemented with 10% fetal
bovine serum (FBS) (Invitrogen) in standard culture asks (Corning). Cells were passaged
by removing media, washing once with sterile DPBS, and subjected to trypsin (Invitrogen).
FBS supplemented media was added to the culture ask to inhibit excess trypsin. Cells were
pelleted and plated in fresh culture media. Cells were incubated at 37C with 5% CO2 and 95%
humidity.
3.2.2 Sample Preparation for Fluorescence Microscopy and IR Spectroscopy
See Section 2.2.5.
3.2.3 Cellular Compartmentalization
Cellular compartments were fractionated according to the manufacturer's Qproteome protocol
(Qiagen). Briey, cell lysates were prepared, pelleted, and washed with ice cold PBS two times.
Subsequently, a series of buers were added followed by various mixing and centrifugation times.
After pelleting, soluble components were collected corresponding to cytosol, membrane, nucleus,
and cytoskeleton.
3.2.4 Western Blotting
Media was removed from each sample and non-adherent cells were removed with one gentle
wash of sterile DPBS. Cell lysates were obtained by application of Ripa (Sigma) for 30 minutes
at 4C on an orbital shaker. Cell lysates were prepared for SDS-PAGE by mixing 5x protein
dye and allowed to boil at 100C for 5 minutes before loading onto a 6-12% polyacrylamide
gel. Typical running conditions were 100 mV for 1.5 hours in standard Running Buer (25 mM
Tris (Sigma), 192 mM Glycine (Sigma), and 0.1% SDS (Sigma)). Proteins were transferred to
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a nitrocellulose membrane. Typical transfer conditions were 400 mA for 1 hour in standard
Transfer Buer (25 mM Tris, 192 mM glycine, and 30% methanol (Sigma)) on ice to prevent
overheating. Membranes were then blocked for non-specic protein adsorption with 3% bovine
serum albumin (BSA) (Sigma) in 0.1% Tween-20 containing TBS (25 mM Tris, 150 mM NaCl
(VWR), and 2 mMKCL (Sigma)) (TBS-T) on an orbital shaker for 1-2 hrs at room temperature.
The blocking solution was removed and primary antibodies, at optimized concentrations diluted
in blocking solution, were added and left on an orbital shaker for 1-4 hours. Primary antibody
was removed and samples were washed three times with TBS-T on an orbital shaker for
5 minutes. Horse radish peroxidase (HRP) conjugated secondary antibodies, at optimized
concentrations diluted in blocking solution, were added and left on an orbital shaker for 1
hour. Secondary antibody was removed and samples were washed three times with TBS-T on
an orbital shaker for 5 minutes. Enhanced chemiluminescence (ECL) protocols were followed
according to manufacturers protocol (Bio-Rad Laboratories). Briey, a 1:1 ratio of hydrogen
peroxide and luminol were added onto the membrane and briey allowed to mix before the
membrane was transferred to a dark-room and imaged.
3.2.5 Isolation of Mouse Primary Osteoblasts
Isolation of mouse primary osteoblasts was described previously (Gentleman et al., 2009).
Briey, two day old pups were sacriced by cervical dislocation and soaked in ethanol. The
calvarium of each mouse was removed and placed in a plastic dish and transferred to a sterile
eld. Sterile DPBS was added to the dish and soft tissue was cleaned from the calvarium.
The calvaria were then mixed with antibiotics (10% antimycotic (Sigma) in PBS), rinsed, and
added to a solution of collagenase (9:1:10 Hanks Balanced Salt Solution (Invitrogen) / trypsin
/ collagenase (Invitrogen)) where the bone was minced and left in the incubator for 20 minutes
(digest 1). The supernatant was discarded while the bone fragments were mixed with fresh
collagenase solution and left in the incubator for 20 minutes (digest 2). The supernatant was
removed, transferred to another tube, and centrifuged at 300 g for ve minutes. The pellet was
suspended in culture media and plated in a 25 cm2 ask. Fresh collagenase solution was added
to the bone fragments and left in the incubator for 20 minutes (digest 4). The above process
was repeated again such that digests 3, 4, and 5 resulted in a 25 cm2 ask of cells. Furthermore,
the remaining bone fragments were added to another 25 cm2 ask. The cells were allowed to
grow near conuency then expanded in culture.
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3.3 Results and Discussion
3.3.1 Substrate Stiness Inuences Beta-Catenin Localization
A pre-osteoblast cell line, MC3T3-E1 clone 4 cells, were seeded onto collagen type I coated PA
gels in serum free media. FBS supplemented media was not initially used to ensure that cells
adhere to the collagen rather than serum proteins. After cell adhesion (1.5-3 hrs), full serum
(10% FBS) media was added to the culture environment and cells were allowed to grow for
24 hours. Cells were then stained for beta-catenin and imaged using uorescence microscopy
(Figure 3.2).
A B
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Figure 3.2: The amount of beta-catenin is greater in the nuclei of MC3T3-E1 osteoblasts
adherent on higher stiness substrates. MC3T3-E1 osteoblasts were seeded onto collagen type I
coated Tn-L (A and B) and Tn-H (C and D) gels, xed 24 hours after seeding, immunostained
for beta-catenin and DAPI, and imaged on an uorescence microscope. Representative images
of both beta-catenin alone (A and C) and beta-catenin merged with DAPI (B and D) are shown.
Scale bars equal 200 m.
Beta-catenin signal is visible in the cell membrane, cytosol, and nucleus for cells grown on
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both Tn-L and Tn-H gels. Remarkably, cells grown on higher stiness substrates appear to
have a greater beta-catenin signal in the nucleus. Although uorescence imaging is not highly
quantitative, relative uorescence values were determined for the total amount of beta-catenin
in the cell and also the amount of beta-catenin in the nucleus. Comparing two independent
experiments it was found that although the total amount of beta-catenin in the cells was not
consistent, the amount of beta-catenin was consistently higher in the nucleus of cells grown on
higher stiness gels (Figure 3.3).
*
*
*
Figure 3.3: Beta-catenin levels are greater in the nuclei of MC3T3-E1 osteoblasts adherent
on higher stiness substrates in two independent experiments. Immunouorescence images of
MC3T3-E1 osteoblasts on collagen type I coated Tn-L and Tn-H gels were used to quantify the
amount of beta-catenin in the whole cell and in the nucleus only. The average beta-catenin and
standard deviation of 50-60 cells in two independent experiments are shown. * p-value <0.05
The amount of total beta-catenin is highly dependent on environmental factors, namely cell-
cell contacts. Therefore, an explanation for inconsistent amounts of total beta-catenin could be
that the sub-populations of cells used for image analysis were not equivalent in terms of cell-
cell contacts and possibly other factors as well. The eect of cell-cell contacts on beta-catenin
expression was investigated in Section 3.3.3.
3.3.2 Substrate Stiness Induces a Change in Beta-Catenin Localization
Immunouorescence is only a semi-quantitative technique and it was therefore necessary
to assess the increase of beta-catenin in the nuclei with a more quantitative, biochemical
technique. To examine the quantity of beta-catenin in dierent cellular compartments
a commercially available protocol was utilized which physically isolates individual cellular
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fractions corresponding to cytosol, membrane, nucleus, and cytoskeleton. Using this technique,
MC3T3-E1 osteoblasts and mouse primary osteoblasts were used in three and two independent
experiments, respectively. It was benecial to know whether the beta-catenin activation was
unique to the cell line in use.
MC3T3-E1 osteoblasts were seeded at a density of 10k cells/cm2 in serum free media. After
cells were adherent (1.5 hrs), 10 % FBS containing media was supplemented at a 1:1 ratio.
Cells were left in the incubator for 24 hours. Non-adherent cells were washed away with
ice cold DPBS and then trypsin was added directly onto the gel. Cells were pelleted and
then the manufacturer's protocol for cellular compartmentalization was followed as described in
Materials and Methods. Cytosolic and nuclear fractions were subjected to SDS-PAGE, and then
transferred to a nitrocellulose membrane and immunoblotted. For two experiments (Experiment
1 and 2), secondary antibodies conjugated with HRP were used and imaged using standard
enhanced chemiluminescence (ECL). Another experiment (Experiment 3) was run in duplicate
and imaged using ECL (3a) and IR spectroscopy (3b) (Figure 3.4). For IR spectroscopy, IR
uorophore conjugated secondary antibodies were used and samples were imaged on the Li-Cor
Odyssey IR scanner. The amount of beta-catenin was normalized to GAPDH and Lamin-b1
for cytosolic and nuclear fractions, respectively. These are commonly used and accepted as
compartmental markers that are thought not to change as a result of substrate stiness. A
summary of the ndings can be found in Table 3.1. It has been found previously that PA gel
pore sizes are on the order of 100 nm which prevents cells from entering the substrate (Flanagan
et al., 2002). Therefore, only cells adherent on the surface were considered.
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Figure 3.4: Beta-catenin activation is increased in MC3T3-E1 osteoblasts adherent on higher
stiness substrates when imaged using both standard ECL techniques (A) and an IR scanner
(B). MC3T3-E1 osteoblasts were seeded on collagen type I coated Tk-L and Tk-H gels. Cells
were removed from the gels and subjected to the Qproteome compartmentalization protocol 24
hours after seeding. Cytosolic and nuclear compartment fractions were subjected to SDS-PAGE
and transferred to a nitrocellulose membrane. Immunoblotting was performed using total beta-
catenin antibody and pixel values were normalized to either GAPDH or Lamin-b1 for cytosolic
and nuclear fractions, respectively. Each Western blot band represents six pooled, independent
samples for each condition.
The average amount of total beta-catenin from the three independent experiments was
increased in cells grown on Tk-H gels by 20 and 130 percent in the cytosol and nuclei,
respectively. This result shows that beta-catenin is stabilized in the cytosol and translocated to
the nucleus on higher stiness gels. In addition to MC3T3-E1 cells, mouse primary osteoblasts
were also investigated. Mouse primary osteoblasts were isolated and cultured as described in
Materials and Methods and grown on Tn-L and Tn-H gels. Interestingly, in two independent
experiments, the amount of beta-catenin in the nucleus increased in cells on higher stiness gels
by 47 and 69 percent, respectively (Table 3.2).
In conclusion, beta-catenin activation is achieved in both MC3T3-E1 and mouse primary
osteoblasts adherent on higher stiness gels. An interesting experiment would be to explore this
phenomenon in a non-osteogenic lineage to determine if this mechanism is specic to osteoblasts.
64
Table 3.1: Summary of MC3T3-E1 osteoblast compartmentalization.
Experiment PA gel
Beta-Catenin (pixels)
Cytsosol Nucleus
1 Tk-L 1 1
Tk-H 1.12 3.43
2 Tk-L 1 1
Tk-H 1.43 1.31
3a Tk-L 1 1
Tk-H 1.03 2.28
3b* Tk-L 1 1
Tk-H 1.3 2.5
* IR Quantication
Table 3.2: Summary of primary osteoblast compartmentalization.
Experiment PA gel
Beta-Catenin (pixels)
Cytsosol Nucleus
1 Tn-L 1 1
Tn-H 0.77 1.47
2 Tn-L 1 1
Tn-H 1.02 1.69
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3.3.3 Cell Density Inuences Beta-Catenin Stabilization
To further understand the circumstances of how beta-catenin expression is regulated, its
dependence on cell density was investigated. Beta-catenin is involved in the anchoring of
cadherins which is critical for cell-cell adhesion. It was expected that the amount of total beta-
catenin would increase with the number of cell-cell contacts due to beta-catenin stabilization.
Therefore, MC3T3-E1 osteoblasts were grown on TCP at three seeding densities: 5k, 10k, and
20k cells per cm2. Each condition was reproduced six times per time point for four time points.
Samples were xed after adhesion (0 hr) and 2, 6, and 24 hours after adhesion. Subsequently,
samples subjected to In-Cell-Western and IR spectroscopy as described in Materials and
Methods and imaged on a Li-Cor Odyssey IR scanner (Figure 3.5). The In-Cell-Western
(ICW) technique was implemented where two wavelengths are scanned simultaneously, 680 and
800 nm. Beta-catenin amount was normalized to the DNA content using the stain DRAQ5.
Additionally, beta-catenin amount was normalized to time zero for the respective cell density.
The amount of beta-catenin was directly correlated to the density of cells in the system, and
thus the number of cell-cell contacts (Figure 3.5).
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Figure 3.5: Beta-catenin increases with seeding density and time in culture. MC3T3-E1
osteoblasts were seeded on TCP at 5k, 10k, and 20k cells per cm2, xed at the time points shown,
and imaged using the Li-Cor Odyssey IR scanner. Beta-catenin intensities were normalized
to DNA and time zero. The average amount of beta-catenin and standard deviation for six
samples per condition are shown. Beta-catenin is signicantly dierent for each cell density
at each respective time point. Additionally, beta-catenin is signicantly dierent at each time
compared to time zero for the respective cell density.
What regulates this beta-catenin increase is not known and was not investigated further here,
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but it was important in considering experimental designs and the interpretation of results. In
order to assess dierences due to the mechanical environment, other contributing factors must
be ruled out. Cell density is a contributing factor and must be equivalent between experemental
conditions in order to make a comparison. In future experiments care was taken to maintain
equivalent and consistent cell density at the time of adhesion. Furthermore, proliferation must
be taken into consideration; if cells proliferate signicantly more on one gel type the increase
in cell density would inuence beta-catenin signaling. In this experiment, proliferation did not
signicantly change between experimental groups as measured by DNA staining.
3.3.4 Substrate Stiness Inuences Beta-Catenin Stabilization
To further explore the observation that cells grown on higher stiness substrates have increased
beta-catenin activation, alternative methods were used. MC3T3-E1 cells were grown on Tn-L
and Tn-H gels and imaged using IR spectroscopy in the Li-Cor Oddessy scanner (Figure 3.6).
Tn-L
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Controls
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Figure 3.6: Preliminary IR spectroscopy images show high background. MC3T3-E1 osteoblasts
were cultured on collagen type I coated Tn-L and Tn-H, xed 24 hours after seeding, stained
for beta-catenin (green) and DNA (red), and imaged on the Li-Cor Odyssey IR scanner. Each
circle is a PA gel on a 25 mm coverslip. Acellular controls were used as a comparison.
Quantication of this pilot experiment showed no signicant dierence in the total beta-
catenin (Figure 3.7). Upon visual inspection of the image, one can see that there is signicant
background in the red (680 nm) and the green (800 nm) channel corresponding to DNA and
beta-catenin, respectively. Therefore, the quantication was unreliable and the protocol needed
to be altered in order to remove any signicant background.
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Figure 3.7: High background results in large variance and no signicant dierence between gel
types. The intensity of beta-catenin in MC3T3-E1 osteoblasts on collagen type I coated Tn-L
and Tn-H gels xed 24 hours after seeding was normalized to DNA and used to generate an
average and standard deviation for 3 samples for each gel type.
A repeat experiment showed that background can mostly be removed with longer, more
thorough washing steps (Figure 3.8). Special care needs to be taken to remove all Sulfo-
SANPAH and excess secondary antibody.
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Figure 3.8: IR spectroscopy images without a high background signal enable reliable
quantication of beta-catenin. MC3T3-E1 osteoblasts were cultured on three independently
made collagen type I coated Tn-L and Tn-H gels, xed 24 hours after seeding, stained for beta-
catenin (green) and DNA (red), and imaged on the Li-Cor Odyssey IR scanner. Each circle is
a PA gel on a 25 mm coverslip.
Quantication shows that the amount of total-beta catenin is signicantly higher in cells grown
on substrates of higher stiness (Figure 3.9).
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*Figure 3.9: MC3T3-E1 osteoblasts adherent on Tn-H gels have signicantly more beta-catenin.
The intensity of beta-catenin in MC3T3-E1 osteoblasts cultured on three independently made
collagen type I coated Tn-L and Tn-H gels xed 24 hours after seeding was normalized to DNA
and used to generate an average and standard deviation. * p-value <0.05
A summary of two independent experiments shows a 19 and 26% increase in beta-catenin on
higher stiness substrates, one of which was signicant (Table 3.3). When data from the two
independent experiments are combined, a signicant 21% increase in beta-catenin is observed
on higher stiness substrates.
Table 3.3: Summary of beta-catenin activation on thin gels.
Experiment
Beta-Catenin St. Dev. (pixels)
p-value
Tn-L Tn-H
A 1.00  0.11 1.19  0.04 0.05*
B 1.00  0.06 1.26  0.12 0.12
Combined 1.00  0.19 1.21  0.07 0.003*
* signicant dierence
Acute mechanical stress causes a rapid, transient increase in beta-catenin, however, the eects
of chronic mechanical stress (substrate stiness) are unknown. Therefore, it was desirable to
know how beta-catenin expression varies over time in response to chronic mechanical stress. Due
to the laborious processing methods involved with thin gels, the thick gels were implemented
here. MC3T3-E1 cells were grown on Tk-L and Tk-H gels and at given time points, samples
were prepared for ICW analysis. Samples were immunostained for beta-catenin and for DNA
using DRAQ5 (Figure 3.10).
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Figure 3.10: Beta-catenin over time in culture. MC3T3-E1 osteoblasts were cultured on TCP
and collagen type I coated Tk-L and Tk-H gels, xed at the time point shown, stained for beta-
catenin (green) and DNA (signal not shown), and imaged on the Li-Cor Odyssey IR scanner.
Each circle is one TCP or gel-lled well in a 24 well-plate. One representative image is shown
for each condition.
The raw intensity values for beta-catenin were normalized to the corresponding DNA values
of the same well and replicates were averaged (Figure 3.11).
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Figure 3.11: Analysis of beta-catenin was inconsistent and unreliable. MC3T3-E1 osteoblasts
were cultured on TCP and collagen type I coated Tk-L and Tk-H gels, xed at dierent time
points, immunostained for beta-catenin and DNA, and imaged on an IR scanner. Raw intensities
for beta-catenin were normalized to DNA and time zero. The average beta-catenin and standard
deviation of six samples per condition are shown.
These data were inconclusive and rather dicult to interpret. This was probably due to
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background and the fact that coordinating cell adhesion times is not trivial. In addition,
the 24 hour time point data were inconsistent with IF and thin gel ICW observations. The
likely explanation for the inconsistency is that a large cell seeding density was used. The
increase in cell-cell contacts would increase the quantity of beta-catenin and mask the underlying
phenomenon. Notably, original IF images showed that although the total quantity of beta-
catenin can vary, the amount of beta-catenin in the nucleus remains consistent.
The above experiment was independently repeated twice using a cell seeding density of 10k
cells/cm2. A signicant increase of beta-catenin was observed in cells adherent on TCP and
Tk-H gels after 24 hours (Figure 3.12). It is important to note that initial amounts of DNA
and proliferation rates were not signicantly dierent.
*
*
Figure 3.12: Beta-catenin is increased in MC3T3-E1 osteoblasts cultured on higher stiness
substrates. MC3T3-E1 osteoblasts were cultured on TCP and collagen type I coated Tk-L and
Tk-H gels. Samples were xed at adhesion (0 hr) and 24 hours, stained for beta-catenin and
DNA, and imaged using the Li-Cor Odyssey IR scanner, and the amount of beta-catenin was
normalized to DNA. The average amount of beta-catenin and standard deviation for six samples
per condition for two independent experiments are shown.
Signicant increases were observed between 0 and 24 hours on TCP and Tk-H gels but not
Tk-L gels. This indicates that beta-catenin is stabilized and/or more expressed in cells adherent
on higher stiness gels. This result is consistent with beta-catenin activation observed with IF
and ICW on thin gels.
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3.3.5 Beta-Catenin Phosphorylation is Inuenced by Substrate Stiness
Beta-catenin activity is regulated by a number of phosphorylation sites, many of which are
well characterized. Phosphorylation at Ser33, Ser37, and Thr41 results in ubiquitin-mediated
degradation of beta-catenin. An increase in phospho-beta-catenin(Ser33/37/Thr41) means an
increase in the degraded pool of beta-catenin, and thus, a decrease in the stabilized, active pool.
By using both total beta-catenin and phospho-beta-catenin(Ser33/37/Thr41) antibodies a more
detailed analysis was possible. To further understand the nding that beta-catenin increases
in cells grown on higher stiness substrates, the previous performed ICW experiments were
independently reproduced and the phospho-specic antibody was utilized. Furthermore, data
were reproduced using Western blot techniques to strengthen the ndings.
Beta-Catenin Phosphorylation Detection with IR Spectroscopy
MC3T3-E1 osteoblasts were seeded onto collagen type I coated Tk-L and Tk-H gels and xed
at two time points, adhesion and 24 hours after adhesion. Samples were stained for either
total beta-catenin and DNA or phospho-beta-catenin(Ser33/37/Thr41) and DNA. Individual
samples were normalized to DNA and time zero (Figure 3.13). The ratio of phospho-beta-
catenin(Ser33/37/Thr41) over total beta-catenin was taken to determine what percentage of
the total amount of beta-catenin was marked for degradation.
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*Figure 3.13: Signicantly more phospho-beta-catenin(Ser33/37/Thr41) is observed in MC3T3-
E1 osteoblasts adherent on lower stiness substrates. Samples were xed at two time points
(0 and 24 hr), imaged using the Li-Cor Odyssey IR scanner, and the amount of phospho-
beta-catenin(Ser33/37/Thr41) was normalized to DNA and time zero. The average amount of
phospho-beta-catenin(Ser33/37/Thr41) and standard deviation for six samples per condition
are shown.
Data show a signicant increase in phospho-beta-catenin(Ser33/37/Thr41) in cells on Tk-L
gels. Therefore, signicantly more beta-catenin is being degraded on lower stiness substrates.
Beta-Catenin Phosphorylation Detection with Western Blot
In addition to ICW, Western blotting was performed. MC3T3-E1 cells were grown on
Tk-L and Tk-H gels and at given time points, cell lysates were collected. Samples were
subjected to SDS-PAGE and then transferred to a nitrocellulose membrane where they were
immunobloted for the housekeeping protein GAPDH and either total beta-catenin or phospho-
beta-catenin(Ser33/37/Thr41) (Figure 3.14). Western blot images were quantied in ImageJ
where beta-catenin levels were normalized to GAPDH. An extended time point of 48 hours was
also included to determine how beta-catenin is regulated after the time of interest (24 hr).
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Figure 3.14: Western blot results conrm that MC3T3-E1 osteoblasts grown on higher stiness
substrates have more total beta-catenin and less phospho-beta-catenin (Ser33/37/Thr41).
MC3T3-E1 osteoblasts were seeded on collagen type I coated Tk-L and Tk-H gels. Cell lysates
were collected 24 and 48 hours after seeding, subjected to SDS-PAGE, and transferred to
a nitrocellulose membrane. Immunoblotting was performed using either total beta-catenin
or phospho-beta-catenin(Ser33/37/Thr41) antibodies and pixels values were normalized to
GAPDH. Four pooled, independent samples are shown for each condition.
An increase in total beta-catenin is observed on Tk-H gels, whereas on Tk-L gels there is
an increase in phospho-beta-catenin(Ser33/37/Thr41). Therefore, beta-catenin is less degraded
on higher stiness substrates. 48 hours after adhesion a similar trend for beta-catenin exists.
Interestingly, there is a decrease in total beta-catenin which could mean many things, but one
possibility is that this process is Wnt independent. If the process was Wnt dependent, one
would expect an increase at this time scale because the Wnt ligand would accumulate. The
amount of phospho-beta-catenin(Ser33/37/Thr41) increases from 24 to 48 hours on Tk-L gels
but doesnt change on Tk-H gels.
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3.3.6 Conclusion and Future Work
Beta-catenin is a critical signaling protein and regulator of mechanotransduction in osteoblasts.
It was previously reported that beta-catenin activation is increased in conditions of acute
mechanical stress. In this work, the eect of substrate stiness on beta-catenin activation was
explored. Preliminary uorescence microscopy images suggested that beta-catenin activation is
increased on higher stiness substrates. Image quantication showed that although the total
amount of beta-catenin did not change in all experiments, the amount of beta-catenin in the
nucleus increased by 50 percent in osteoblasts grown on high stiness gels. This result was
corroborated by quantities of beta-catenin quantied in cellular compartments. To further
explore this observation, various other optical and biochemical techniques were performed. Over
time the total amount of beta-catenin increased in osteoblasts cultured on all substrates used
(TCP, and Tn-L, Tn-H, Tk-L, and Tk-H PA gels). The degree of increase was dependent
on multiple factors, namely amount of time adherent to the substrate and number of cell-cell
contacts. Interestingly, the amount of beta-catenin was increased in osteoblasts grown on higher
stiness substrates in both the total and nuclear pools. Moreover, the amount of beta-catenin
marked for degradation was less in osteoblasts grown on higher stiness substrates. These results
were not unique to the MC3T3-E1 cell line considering similar observations were reproduced
using primary osteoblasts.
Both an increase in total beta-catenin and a decrease in phospho-beta-catenin(Ser33
/37/Thr41) contribute to a greater potential for target gene transcription. In future experiments
it will be explored whether these observations are reected at the genetic level. Two informative
experimental methods to utilize would be RT-PCR and a luciferase reporter assay. RT-PCR of a
few known Wnt/beta-catenin target genes, such as Wisp1 and Cox2, would provide information
into the downstream transcriptional eects. An additional method for quantifying beta-catenin
mediated gene transcription would be to assess its direct binding to the TCF/LEF promoter.
This would be achieved by the luciferase reporter assay. Notably, steps were taken in this work
to implement a luciferase reporter assay. Progress was hindered by the transfection eciency
and thus required more optimization.
To strengthen the conclusions it is necessary to address the normalization of Western blots
and the lack of primary antibody controls in Li-Cor experiments. The increase in beta-catenin
in Western blot experiments was revealed by a decrease in the amount of normalizing protein,
GAPDH or lamin-b1. Therefore, it is possible that substrate stiness inuences GAPDH and
lamin-b1 rather than beta-catenin. Alternatively, the change in normalizing protein could be due
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to cell retrieval rather than protein quantity changes (i.e. more cells can be retrieved on softer
substrates). This relationship will be explored in the future. The Li-Cor IR scanner is an asset
to examining cells on gels because it limits the cellular manipulation required. Unfortunately,
the scale at which the IR scanner images each sample there is no validation that the primary
antibody is specically binding. In this work, the limitation was overcome by complimentary
uorescence imaging.
Preliminary experiments into the mechanism of action behind increased beta-catenin activation
on higher stiness substrates included probing for Caveolin-1. It was found that the amount
of Caveolin-1 correlates with beta-catenin activation. Although this change was observed, no
clear causal relationship can be determined without further experiments. In future experiments
knockout cell lines and siRNA will be used. Additionally, advanced microscopy techniques to
determine the pool of beta-catenin localized inside caveolae would be more informative as to
the degree of sequestration. Other suspect pathways would also need to be explored. Likely
pathways for further investigations are related to integrin activation, actin polymerization and
cell contractility, cell-cell adhesion, and lipid rafts. Investigations of acute mechanical stress
suggested that integrin activation increases Akt phosphorylation and inhibition of GSK-3b
resulting in increased beta-catenin activation. Actin polymerization mediated by the family
of small GTPases Rho increase cell contractility resulting in mechanosensative dependent
cell behaviors. Another catenin protein, p120, was implicated in both cell-cell adhesion
and activation dependent on lipid rafts. Additionally, RhoA increases upon stretching of
lipid rafts and results in increased cell signaling. Therefore, probing each of these pathways
utilizing chemical inhibitors, cell knockouts, and protein knockdowns will be pursued in future
experiments.
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Chapter 4
Conclusion and Future Work
In this report the eld of mechanobiology has been introduced and the notion of a
mechanosensing mechanism has been explored. In this context, the aim of this work was
to understand the role of substrate stiness on beta-catenin activation in osteoblasts. To
accomplish this aim, two polyacrylamide hydrogel platforms were adapted, optimized, and
characterize to eectively be utilized for probing mechanical inuences on cell signaling. One
of the gel platforms was adapted from an established protocol while the other was successfully
developed here.
It has been observed by others that an increase in mechanical stress, whether it is bone loading,
uid shear, or others, results in increased beta-catenin activation. What the mechanism of
action is behind all of these observations is not well understood. In this report, substrate
stiness has been shown to increase beta-catenin activation for the rst time. In the context
of bone development, the primary upstream regulator of beta-catenin seems to be Wnt. In
contrast, beta-catenin activation in response to acute mechanical stress is regulated by Akt and
Rho signaling mediated by integrin activation independent of Wnt. Wnt is a likely upstream
regulator of changes induced by substrate stiness that lead to beta-catenin activation, and
therefore, steps were taken to explore this relationship. An LRP inhibitor, Dkk-1, was utilized
and unpublished results by colleagues suggest that changes observed in beta-catenin activation
after 24 hours, mediated by physical and geometrical cues, were independent of Wnt. Although
these results were found in MSCs, a similar result is expected here.
If the mechanism of action is not mediated by Wnt, it would be valuable to specically explore
the multiple mechanosensing roles of integrin activation, cell-cell adhesions, and lipid rafts on
beta-catenin activation in osteoblasts. A rst comparison should be made with the upstream
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regulators Akt and Rho because they were implicated in reports of beta-catenin activation
increases induced by acute mechanical stress. This could be accomplished by using inhibitors
or siRNA for these signaling proteins and determine if their inhibition or down regulation
inuences changes in beta-catenin activation. Although Akt and Rho are likely regulators,
other pathways have also been strongly implicated in the regulation of beta-catenin in response
to mechanical cues.
It is critical for the cellular levels of beta-catenin to remain low. If beta-catenin levels go
unchecked, pathologies such as cancer can arise. Considering this drastic consequence, it
seems likely that a cell would develop various methods, some even redundant, to maintain low
levels of beta-catenin. Such methods are constitutive proteosomal degradation, beta-catenin
sequestration at the plasma membrane (i.e. lipid rafts and cadherin complexes), and even
sequestration in exosomes that are ejected from the cell. In future experiments it is warranted
to elucidate how each of these mechanisms contribute to mechanosensing in osteoblasts and how
they work both independent of, and dependent on, one another. A rst approach to explore
these relationships would be to utilize other materials, namely PDMS. Utilizing PDMS has the
added benet of nanoscale architectural and single cell control. Therefore, one could present
a single cell with well-dened mechanical cues and study the outcome. Moreover, the number
of cell-cell contacts, cell shape and spread area, and even cell contractility can be controlled.
This diverse set of well-regulated attributes would provide the amount of control necessary to
probe the ne regulatory events of mechanosensing. Notably, a project is developing that is
studying just that, the mechanism of beta-catenin activation in response to topography, cell
shape, and cell contractility in MSCs by utilizing PDMS microcontact printing. The work
is ongoing and preliminary results suggest that beta-catenin activation increases in cells with
lower contractility. Although the work needs to be conrmed in both cell types (MSCs and
MC3T3-E1s) it is interesting to speculate that the regulation of beta-catenin activation may
dier in response to physical and geometric cues.
It is interesting to compare the process of beta-catenin mechanosensing with that of other
signaling proteins. A recent report by Dupont et al. found that cells were able to 'read' physical
and mechanical cues as a function of the signaling proteins YAP (Yes-associated protein)
and TAZ (transcriptional co-activator with PDZ-binding motif). They found that YAP and
TAZ relayed signals through a process that required Rho GTPase activity and tension of the
actomyosin cytoskeleton. Moreover, YAP and TAZ were functionally required for the stiness
mediated dierentiation of MSCs and for cell geometry regulated survival of endothelial cells.
Remarkably, YAP/TAZ levels were able to dictate cell behavior while overruling mechanical
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inputs. It is interesting to speculate that beta-catenin may play a similar type of role. In this
report a correlation was found between cell phenotype and beta-catenin localization.
In future experiments the role of beta-catenin in mechanical cue-mediated MSC dierentiation
will be investigated. The Wnt/beta-catenin signaling pathway has been strongly linked to the
early dierentiation of stem cells. This provides more evidence as to why beta-catenin is a likely
signaling molecule involved in mechanosensing.
Beta-catenin is an important signaling molecule involved in a myriad of cellular processes
which govern normal physiology and disease. A picture is beginning to emerge of beta-catenin
activation in osteoblasts in a canonical, Wnt dependent, manner, and a Wnt independent
manner. In each case, mechanical stresses induce beta-catenin activation but the mechanisms
of action are not well understood and might be very dierent. More work needs to be done
to elucidate how beta-catenin is involved in mechanosensing and how this process ts into the
greater picture discussed in the literature. This work provides novel insight into a signaling
phenomenon that contributes to the greater mechanosensing mechanism and potentially has
broader impacts on stem cell dierentiation and tissue development.
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